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As energy prices are predicted to rise in the upcoming years, new and innovative methods need 
to be implemented into industrial facilities which aim to reduce raw material consumption while 
still achieving the same energy throughput. The objective of this thesis is to review the potential 
for optimising how the steam load is allocated to three industrial-size water-tube boilers to 
minimise their total natural gas consumption for a given energy output. This thesis will be 
solely focused on the industrial boilers located at the Alcoa Wagerup Alumina Refinery in 
Western Australia.  
A key component of the load optimisation strategy requires that the efficiency of each boiler is 
accurately calculated. A new indirect efficiency calculation was implemented on the refinery’s 
local control network (LCN) and was compared to the three existing calculations to assess 
which one accurately describes how the boiler efficiency varies with load. Testing showed, the 
indirect method proved to be the most accurate way of calculating the efficiency of each boiler 
and highlighted the differences in efficiency across the boilers.  
Potential cost benefits associated with optimal load allocation was assessed using MATLAB1. 
Trial simulations that optimised yearly sets of plant data while keeping each boiler within 
specific constraints were performed. All simulated scenarios were able to save on natural gas 
consumption. The proposed control strategy aimed to redistribute the steam load between 
boilers through biasing their firing rate.  
Honeywell Profit Suite (PS) was used to implement an advanced process control (APC) strategy 
into the refinery powerhouse. After conducting a risk assessment and ensuring that the required 
safeguards were in place, the controller was turned on. The APC was able to successfully 
allocate the load to each boiler in the most optimal manner, while keeping all control variables 
(CV) within their pre-defined set of constraints.  
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Chapter 1 Introduction  
Steam is a crucial component throughout the Bayer process [1]. Without steam, the Alcoa 
Wagerup refinery would not be able to transform bauxite into alumina [1]. The facility 
responsible for steam generation is often referred to as the refinery powerhouse. The Wagerup 
powerhouse is home to three gas-fired water-tube boilers that supply steam at 7 MPa and 474 
°C to a common HS header. This steam header supplies three steam turbine alternators (T/A) 
which are used to produce the electricity required to run the electrical equipment throughout the 
refinery. Low-pressure steam at 758 kPa and 250 °C leaves the T/A’s to feed a common MS 
header. This header acts as the steam source for all process heating applications throughout the 
refinery. If there ever is insufficient steam exiting the T/A’s, high-pressure steam from the HS 
header can be passed through pressure reducing valves (PRV) to feed the MS header. The 
powerhouse is also home to a gas turbine (GT) which acts as an additional power source for the 
refinery in combination with a heat recovery steam generator (HRSG) which produces low-
pressure steam that can be fed to the MS header. There is also a Western Power grid tie which 
facilitates importing and exporting of electricity to and from the powerhouse. Figure 1.1 
highlights the basic configuration of the major equipment throughout the Wagerup powerhouse.  
 




All three boilers currently use natural gas as their fuel source in comparison to the old 
arrangement that utilised fuel oil. The primary reason for the change is due to the economic 
benefits in conjunction with the reduced environmental impacts of using natural gas over fuel 
oil [2]. In the circumstance where the natural gas supply is halted, there are fuel oil storage 
tanks which can be used to run the powerhouse temporarily. In addition to the boilers, T/A’s, 
GT and HRSG, many other pieces of equipment can be found within the powerhouse. There is a 
water treatment plant that ensures the feed water entering the boilers is within an acceptable 
quality. Industrial size compressors are used to create the compressed air that is used throughout 
the refinery and powerhouse. Finally, the powerhouse contains an extensive amount of electrical 
distribution equipment to facilitate the transformation and transmission of electricity throughout 
the refinery. 
1.1 Problem Statement  
The three industrial water-tube boilers are currently being allocated a firing rate to maintain the 
pressure of the HS steam header at the desired setpoint of 6.9 MPa, with no consideration of 
how efficient each boiler is. A previous powerhouse review resulted in changes to the methods 
of calculating boiler efficiency and the commissioning of a load optimisation strategy. The 
optimisation strategy aimed to increase the steam load on the most efficient boiler, while 
decreasing the steam load on the least efficient boiler, to maximise efficiency. The efficiency 
calculations remain in use; however, the optimisation portion of the scheme is no longer 
utilised. The optimisation scheme had trouble keeping the boilers within process-critical 
constraints and was removed shortly after being commissioned. Subsequently, Alcoa has 
emphasised reducing the environmental impact associated with their operations, including a 
strong focus on minimising their carbon footprint. As a result, there have been strong 
advancements in APC utilisation throughout the refinery. This project will attempt to implement 
a new load optimisation strategy using an APC application due to its increased constraint 
handling abilities [3]. The current boiler efficiency calculations will be reviewed and potentially 
improved upon. Additionally, a business case analysis will be conducted to validate the 
proposed operational changes.  
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1.2 Project Objectives 
Thus, this project aims to achieve seven main objectives:  
1. Review the current boiler efficiency calculations. 
2. Implement the indirect efficiency calculation into the LCN. 
3. Decide upon the most accurate efficiency calculation. 
4. Review the current control system surrounding boiler load allocation.  
5. Develop an optimisation strategy to save on natural gas consumption.  
6. Simulate the effectiveness of the optimisation strategy and provide a business case. 
7. Implement the optimiser on the physical system using an APC. 
The following section outlines the overarching layout of the thesis paper, specifically 
highlighting the key components that are discussed within each chapter.  
1.3 Thesis Outline  
Chapter 2 will highlight the key pieces of literature which were used to gain an in-depth 
understanding of steam generation equipment, boiler efficiency and load optimisation. All 
subsequent chapters are reliant on a firm understanding of the ideas presented in Chapter 2.  
Chapter 3 outlines the implementation of the indirect efficiency into the refinery’s LCN and is 
followed by an investigation into the primary energy losses for each boiler. The most accurate 
way of calculating boiler efficiency is then discussed in conjunction with explaining how boiler 
efficiency can be improved upon.  
The existing boiler control system is reviewed in Chapter 4 where the potential methods for 
boiler load optimisation are discussed. Chapter 5 outlines how MATLAB was used to simulate 
the cost benefits of optimal load allocation across the three boilers. In addition, the optimal 
control moves to minimise the total fuel usage across the three boilers are presented in this 
chapter.   
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Chapters 6 and 7 highlight the steps which were taken to configure and implement an APC into 
the refinery powerhouse. Finally, Chapter 8 concludes with a discussion on what can be done to 






















Chapter 2 Literature Review 
This literature review will be structured in such a way that the overarching alumina refining 
process will be reviewed along with the relevant pieces of equipment that are found within a 
steam generation facility. Methods of defining and calculating the efficiency of a boiler will be 
established in conjunction with a boiler’s regulatory control requirements. Subsequently, an 
extensive review of boiler load allocation techniques will be explored along with their 
applicability to the Wagerup refinery powerhouse. 
2.1 The Bayer Process 
The Wagerup refinery, like almost all other alumina refineries in the world, utilises the Bayer 
process to transform bauxite into alumina. Bauxite is a naturally occurring material that is 
composed of hydrated alumina in conjunction with other substances such as iron, silicon and 
titanium oxides. The finalised product of the Bayer process is a high purity aluminium oxide 
commonly referred to as alumina. Alumina can then be smelted into aluminium via an 
electrolysis process [4].  
Bauxite Grinding and Slurry Storage  
To improve the efficiency of the alumina extraction process, the bauxite is ground to a particle 
size of less than 1.5 mm using semi-autogenous grinding (SAG) or ball mills [5]. During the 
grinding phase, a hot and concentrated solution of recycled sodium hydroxide (caustic soda) is 
added to the bauxite to produce a slurry [5]. This slurry is then stored in holding tanks where the 
process of removing the silica begins [5].  
Digestion 
The digestion phase sees the bauxite slurry being transported from the holding tanks to the 
digestion units where the ore is subjected to steam of high temperature and pressure [5], [6]. 
The primary purpose of the digestion process is to remove the hydrated alumina from all other 
insoluble oxides by reacting it with additional caustic soda [5]. Green liquor which contains the 
alumina in a solution along with the undissolved ore solids is then transported to the 




The clarification stage involves separating all undissolved ore solids from the green liquor in 
large clarification vessels [5]. Upon separation, the bauxite solids are then washed with water to 
maximise the recovery of caustic soda [5]. Finally, the washed solids are transported to a 
residue storage area where further separation occurs [5]. 
Precipitation  
Upon successful clarification, the green liquor is cooled via a heat exchanger and is seeded with 
small crystals of alumina tri-hydrate [5]. The liquor then flows through multiple precipitator 
vessels in which the crystals increase in size [5]. The crystals that leave the final precipitator 
vessels are then arranged according to their size [5]. The larger particles are transferred to the 
calcination stage of the process while the finer particles are re-used as seed crystals [5]. Finally, 
the spent liquor can be recycled in the digestion process to be used again to dissolve fresh 
alumina [5]. 
Calcination  
The final stage of the Bayer process involves the alumina hydrate being washed, dried and 
heated above 1,000 °C in a furnace [5]. The final product is alumina Al2O3, which is white and 
granular in appearance [5], [7]. Figure 2.1 shows the critical stages required to transform 
bauxite into alumina using the Bayer process at the Wagerup refinery.  
 
Figure 2.1. Bayer Process Overview [5] 
 
29 
2.1.1 Steam Requirement  
Figure 2.2 outlines the numerous areas throughout the Bayer process in which steam is utilised 
[1]. Without steam, the conversion from bauxite to alumina would not be feasible [1]. Thus, to 
ensure that the refinery is constantly producing alumina, the facility and equipment responsible 
for providing steam to the plant must be reliable and have minimal outages.  
 
Figure 2.2. Bayer Process Steam Requirements [1] 
As previously mentioned, the Wagerup powerhouse is home to three water-tube boilers and a 
gas turbine coupled with an HRSG. The intricate details of the latter are discussed in Appendix 
A.1. However, the subsequent chapters will only be concerned with the powerhouse boilers as 
they are the pieces of equipment that will be examined during this project.  
 
2.2 Boiler Fundamentals 
The primary purpose of a boiler is to provide a continuous supply of steam at a desired 
temperature and pressure [8]. The variety of boilers that exist across various industries are 
plentiful. However, the fundamental principles that govern their operation are consistent across 
all types [8]. Essentially, a boiler consists of two main components; the steam-water system and 
the fuel-air-flue gas system [8]. In its most basic form, water is introduced into a system in 
which heat is transferred through a metal barrier, which in turn causes water to heat up and 
convert to steam [8]. Figure 2.3 highlights some of the key components commonly found within 




Figure 2.3. Basic Boiler Components [8] 
2.2.1 Boiler Types  
There are two mains types of boilers: fire-tube and water-tube [8]. Both types can also be 
classified as high or low-pressure boilers [8]. High-pressure boilers can be categorised as those 
that operate at a pressure greater than 15 psig [8]. It is more common to utilise high-pressure 
boilers for industrial applications as the steam that they produce contains a significantly larger 
amount of available energy in comparison to low-pressure boilers [8].  
2.2.1.1 Fire-tube Boilers 
Fire-tube boilers facilitate the flow of hot flue gases leaving the furnace through connected 
tubes that run in parallel with one another [9]. These tubes are placed strategically throughout 
the boiler vessel to maximise their contact with the surrounding body of feedwater [9]. It is 
through this contact that the heat from the flue gas can be transferred to the water within the 
vessel, which causes the water to convert to steam [9]. The design of fire-tube boilers has been 
greatly improved over time from its original predecessor. However, their use in a steam 
generation facility is seldom as they can only be operated at low pressures and have a limited 




Figure 2.4. Simplified fire-tube Boiler [11] 
2.2.1.2 Water-tube Boilers 
More commonly found within the industry are water-tube boilers as they are rated for 
applications from 50 psig to 5000 psig [8].  The working principle is much the same as a fire-
tube boiler, however, water is now the working fluid that circulates within many parallel-
connected tubes [9]. The tubes are placed within a flue gas channel in which hot gases from the 
furnace transfer heat to the water to convert it to steam [9]. Water-tube boilers commonly have 
two main drums located at the high and low locations within the boiler [8]. The higher drum is 
called the steam drum while the lower is commonly called the mud drum [8]. Any sludge that 
may develop within the boiler will travel down to the mud drum in which it can be easily 
removed [8]. Figure 2.5 highlights the basic configuration of water-tube boiler.  
 
Figure 2.5. Simplified water-tube Boiler [8] 
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Often the quality of the feedwater entering the boiler is never completely pure [12]. Thus, there 
must be a control strategy put in place to ensure that the quality of the water throughout the 
boiler remains within an acceptable quality [12]. To achieve this, a percentage of the boiler’s 
water is removed from the system and replaced with feedwater [12]. This is often referred to as 
boiler blowdown [12]. Boiler blowdown can be achieved through manual or automatic means 
[12]. The latter provides greater control of the overall water quality and ensures that a minimal 
amount of water is expelled from the system at any given time [12].   
2.2.2 Boiler Fuel  
The most common fuel types used throughout the boiler industry are coal, oil, natural gas and 
biomass [10]. Fuel selection depends on the industry, type of boiler and the surrounding 
available resources [13]. Figure 2.6 and Table 2-1 indicates the type of fuel sources being used 
on a global scale across numerous alumina refineries and aluminium smelters [14]. Natural gas 
is the preferred fuel of choice and its popularity is expected to grow within the coming years 
[14].  
 









Table 2-1. Yearly Fuel Source Consumption [14] 
AWAC1 Direct 
Energy Source 
Purchased/Produced 2012 GJ 2013 GJ 2014 GJ 2015 GJ 
Natural gas Purchased 101,442,091 101,177,459 102,505,492 113987,709 
Diesel Purchased 2,204,087 2,141,941 2,742,985 2,548,161 
Petrol/gasoline Purchased 23,460 9,050 86,909 65,862 
Propane Purchased 16,801 9,180 15,949 11,049 
Coal Purchased/Produced 18,264,484 24,097,546 13,406,757 11,232,338 
Residual fuel oil Purchased 43,535,955 42,758,746 38,482,698 17,297,114 
Pitch Purchased 1,596,204 1,581,617 - - 
Biodiesel Purchased 2,211 0 25,924 29,802 
 
2.2.3 Boiler Emissions  
While cost and availability are critical factors in deciding what type of boiler fuel to select, 
environmental concerns associated with air pollution has led to an increased focus in reducing 
the number of emissions generated throughout the energy industry [2]. Air pollution has been a 
topic of concern for some time as it is known to have a negative impact on human health, 
specifically its association to respiratory related diseases and the irreversible damage that it 
causes to the surrounding environment [15]. The energy industry is the number one contributor 
to the generation of harmful emissions [15]. Thus, in recent times there has been a shift in boiler 
fuel types from coal and fuel oils to natural gas and propane-based fuels [2]. The reasoning 
behind this is due to the claim that natural gas produces up to 50% less carbon dioxide in 
comparison to coal when it undergoes combustion [2]. Regardless of the type of fuel being used, 
increasing the efficiency of the steam generation process will see the reduction of harmful 
emissions being released into the atmosphere [16].  
2.2.4 Boiler Efficiency  
There are numerous ways that the efficiency of a boiler can be defined, however, the end user 
should only be concerned with a boiler’s fuel-to-steam efficiency [17]. This calculation should 
indicate how effectively a boiler can transfer the energy contained in the fuel into a usable heat 
[18]. Fuel-to-steam efficiency should be used over all other methods as it provides a measure of 
the boiler’s true overall efficiency [17]. This efficiency calculation takes into consideration how 
                                                     
1 Alcoa World Alumina and Chemicals 
 
34 
effective the heat exchanger is in addition to including the inevitable convection and radiation 
losses [17].  
 
2.2.4.1 Factors Influencing Boiler Efficiency  
The efficiency of a boiler will not always remain constant over long periods of time as it is 
likely that large deviations from the expected operational efficiency are bound to occur [19]. It 
is the efficiency of the overall system that ultimately determines the costs associated with 
running the boilers [20]. Thus, a strong focus should be placed in increasing the efficiency of the 
boilers by minimising the impact of the factors that contribute to efficiency degradation. The 
main factors that influence the efficiency of a boiler are: [20] 
• The type of boiler fuel used  
• The design of the boiler and heat exchanger  
• The temperature of the inlet and outlet streams  
• Boiler load demand  
• Burner control  
• Heat transfer fouling and scale build-up  
• Boiler maintenance strategies 
 
2.2.4.2 Boiler Efficiency vs Load  
It is rare for boiler efficiencies to exceed 90% or to fall below 60% [21]. Boiler efficiencies are 
expected to vary based on their design and how they are loaded as observed in Figure 2.7 [21]. 
Often, the user-specified load setpoint is sub-optimal as it does not take into consideration the 
variance in efficiency across different loads [21]. Thus, to reduce fuel consumption across all 
boilers, the steam load can be allocated in an optimised manner [21]. However, prior to the 
implementation of any load optimisation, it is critical that the efficiency calculation for each 
boiler is reliable, accurate and can be trusted by all surrounding staff. If it is not, there is the 
potential to unintentionally optimise the boilers in the wrong direction, which may lead to an 





Figure 2.7. Boiler Efficiency vs Load [21] 
2.2.4.3 Efficiency Calculation Methods  
There are two primary methods that are used for calculating the efficiency of industrial water-
tube boilers [8]. The first method, often referred to as the input/output or direct method, has 
been widely adopted throughout the industry due to its simple way of calculating the efficiency 
of a boiler [8]. Secondly, a more accurate yet less popular indirect/heat loss method provides an 
alternative approach to calculating boiler efficiency [8]. Both methods are useful and have their 
advantages and disadvantages which will be outlined in the following section [8].  
2.2.4.3.1 Direct Method  
To calculate the efficiency using the direct method, both the heat input and heat output to and 
from the boiler must be measured [22]. The heat input measurement requires the knowledge of 
the fuel flow rate and the gross calorific value (GCV) of the fuel, while the heat output requires 
a measurement of the steam flow rate and enthalpy [22]. When gas is the fuel source, a flow 
meter can easily measure the fuel flow rate and the GCV can be obtained by the gas supplier 
[22]. The main issue associated with the direct method is its susceptibility to erroneous results 
due to instrumentation inaccuracies [8]. Industry professionals estimate that instrumentation 
accuracy generally falls within the range of 3 – 5 %, therefore, it is pivotal that all 
instrumentation is calibrated and maintained regularly to minimise the potential for further 
inaccuracies being introduced [8]. Due to this method only requiring two flow rates, it is easy to 




















understand and calculate the efficiency of each boiler [8]. While this method may not be 
extremely accurate, it does provide an easy method to track the daily performance of each boiler 
[8]. Figure 2.8 outlines the main energy inputs and outputs to and from an industrial size boiler.  
  
Figure 2.8. Direct Method [22] 
 𝜂 =
 𝑆𝐹.𝑅 ∗ (𝑆𝐻 −  𝐹𝑊𝐻)
𝐹𝐹.𝑅 ∗ 𝐺𝐶𝑉
∗ 100 (1) 
SF.R = Steam flow rate FF.R = Fuel flow rate 
SH = Steam Enthalpy GCV = Gross calorific value 
FWH = Feed water Enthalpy  
2.2.4.3.2 Indirect Method 
A more accurate method of calculating the efficiency of a boiler is the indirect method [22]. 
This method is advantageous over the direct method due to the lower reliance on the accuracy of 
plant instrumentation [22]. In the circumstance where the boiler efficiency is 90% and there is 
an instrumentation error of 5%, the direct method will result in a large variation in efficiency i.e. 
90 ± 4.5 = 85.5% to 94.5%, while a 5% error using the indirect method will result in a much 
smaller deviation in boiler efficiency: 100 – (10 ± 0.5) = 90 ± 0.5 = 89.5% to 90.5% [22].  The 
efficiency can be calculated by starting at a value of 100% and subtracting all the individual 
heat losses away [22]. The type of losses that are calculated will be dependent on the fuel source 
[22]. Figure 2.9 outlines the energy losses associated with natural gas as the fuel source  [22]. 
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The major disadvantage of using this method is its heavy reliance on the available and installed 
instrumentation throughout the powerhouse [22]. To calculate all losses correctly, one must be 
able to measure the flow, temperature and composition for many process streams [22]. The 
major advantage of this method is that it can identify the problem areas within the boiler system 
and will provide the end user with an increased understanding of how the boiler’s efficiency can 
be improved [22]. 
 
Figure 2.9. Indirect Method [22] 
 𝜂 = 100 − (𝐿1 + 𝐿2 + 𝐿3 + 𝐿4 + 𝐿5 + 𝐿6) (2) 
2.3 Control of Boilers  
It is common practice in a steam generation facility to have multiple boilers that feed a common 
steam header as shown in Figure 2.10 [23]. The header aims to supply steam at the desired 
temperature and pressure to the various loads throughout the plant [23]. These loads will vary 
depending on the process, however, within an alumina refinery, steam is typically used for 
process heating and power generation. It is important to note that the steam loads within a 
refinery can vary over time [23]. Thus, to maintain a stable steam header pressure, each boiler 
must aim supply steam to the common header at the same rate that steam leaves the header [23]. 
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2.3.1 Station Master Controller  
A popular control strategy for maintaining the desired HS header pressure can be achieved by 
implementing a single pressure controller on the common steam header [23]. This approach 
simply compares the header pressure to the desired pressure setpoint and computes a firing 
demand signal to be sent to all the boilers within the steam plant [23]. This pressure controller is 
commonly referred to as the plant or station master [23].  
 
Figure 2.10. Multi-Boiler Steam Generation Process [23] 
2.3.2 Boiler Master Controller 
Prior to the firing demand signal being sent to each of the boilers, the signal passes through a 
boiler master controller [23]. The purpose of this controller is to maintain each boiler at its 
desired firing rate setpoint [21]. In the circumstance that all three boiler master controllers are in 
automatic mode, the firing demand that is sent to each boiler will equal the station master output 
[23]. In this arrangement, the boilers are said to be operating as swing boilers [23]. However, in 
the case where an operator believes that the command coming out of the station master 
controller is sub-optimal for one or more of the boilers, a bias value can be added to this signal 
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prior to it being sent to each boiler master [23]. Finally, this control strategy also allows for any 
of the boilers to be placed in manual mode, where the operator can set the base firing rate that is 
sent to a specific boiler, while the other boilers continue to fluctuate with the station master 
output [23]. An example which demonstrates some of the potential configurations of three 
boilers can be found in Figures 2.11, 2.12 and 2.13 below.   
 
  







                         
                  Figure 2.13. Configuration 3: Manual & Auto 
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To obtain an insight into how the drum level of a boiler is controlled in conjunction with the 
control of the fuel and air flow rates to maintain a desired air-fuel ratio, refer to Appendix A.2 
and A.3. 
2.4 Boiler Load Optimisation  
Once a robust regulatory control strategy has been established and implemented across each 
boiler, optimisation techniques can now be investigated [8]. Optimisation of a boiler system can 
be achieved through an array of methods. All strategies aim to maximise the boiler’s operating 
efficiency while fluctuations in the steam demand, fuel quality and ambient conditions occur 
[21]. One of these strategies aims to optimally allocate the steam load across each of the boilers 
to minimise fuel usage [8]. Traditionally, this optimisation strategy has not been given much 
attention and it is often the case that the regulatory control system or operator makes the final 
judgement on how the load is allocated to each boiler [8]. The implementation of optimisation 
strategies is often neglected due to the additional cost that they add to the business [24]. 
However, for systems where yearly fuel consumption expenses are in the millions, small 
increases in operational efficiency can justify the costs associated with implementing an 
optimisation scheme [21]. Additionally, a decrease in fuel consumption will inevitably lead to a 
reduction in boiler related emissions [25]. 
2.4.1 Boiler Modelling 
The success of the boiler load optimisation is heavily reliant on the accuracy and reliability of 
the boiler related process models [21]. Thus, it is critical that plant data is filtered, validated and 
updated to avoid the risk of using inaccurate and unreliable process data [21]. There are three 
primary relationships that must be obtained to successfully implement the following load 
optimisation strategies [21]. The first is to obtain the relationship between efficiency and boiler 
load [21]. Secondly, it is required to develop a relationship between the steam load and fuel cost 
[21]. Finally, taking the derivative of this curve describes the incremental fuel cost with respect 




Figure 2.14. Boiler Efficiency vs Load [26] Figure 2.15. Steam Cost vs Load [26] 
 
Figure 2.16. Incremental Steam Cost vs Load [26] 
The following load allocation techniques that will be discussed below are only concerned with 
boilers that are located within the same facility as one another [21]. In the circumstance that the 
boilers are being used for electricity generation, load allocation becomes increasingly difficult if 
the boilers are situated in different geographical areas [21]. Load allocation at the grid level 
introduces many other factors such as transmission losses and reactive power constraints that 
must be taken into consideration [21].   
2.4.2 Load Allocation Strategies    
The complexity of the load allocation strategy will vary depending on the application, however, 
the simplest form is concerned with the stopping and starting of each boiler depending on the 
refinery steam demand [21]. In the case where the steam demand is increasing, the most 
efficient boiler should be started [21]. Conversely, a decrease in steam demand should result in 
the least efficient boiler being stopped [21]. This technique is seldom implemented due to the 
unwillingness of operators to regularly stop and start each boiler [21]. Stopping and starting 
boilers creates too large of step change and will either add or remove large amounts of steam 
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2.4.2.1 Allocation Strategy 1  
Instead, it is more common to operate each boiler above a minimum or base load and optimise 
how the total load is distributed across each of the boilers [21]. To achieve this, a computing 
system is required to calculate the real-time efficiency of each boiler along with the incremental 
steam cost associated with a load change [21]. With this information, a rise in load will increase 
the firing rate setpoint of the most cost-effective boiler while a decrease in load will decrease 
the firing rate setpoint of the least cost-effective boiler [21]. This strategy will only ever adjust 
the firing demand sent to one boiler at any given point in time [21]. Additionally, as outlined in 
Figures 2.17 to 2.19, this strategy will continue to increase the firing rate of the most efficient 
boiler until it reaches its maximum load, or it enters a region of decreasing efficiency [21]. 
 
Figure 2.17. Incremental Load Allocation 1 [11] 
  
Figure 2.18. Incremental Load Increase [26] Figure 2.19. Incremental Load Decrease [26] 
A) For a load demand increase, ramp the 
load up on boiler 2 which has the lower 
incremental steam cost. 
B) For load demand decrease, ramp load 
down on boiler 1 which has the 





















































The boiler with the highest efficiency may not always be the optimised boiler that will receive 
the next incremental load upon an increase in steam demand [8]. By observing Figure 2.20, 
boiler 1 is more efficient in comparison to boiler 2 across all loads [8]. While this may be true, 
the input (fuel) versus the output (steam) curve demonstrates the flaws behind loading boiler 1 
to 100% prior to loading boiler 2 [8]. It can be identified that while boiler 1 is more efficient 
across all loads there are operating regions in which it is more cost effective to increase the load 
on boiler 2 upon a change in steam demand [8].  
  
Figure 2.20. Efficiency vs Load [8] Figure 2.21. Fuel Input vs Steam Output [8] 
It can be assumed that each boiler has a minimum base load of 20% [8]. If the load demand is to 
increase boiler 2 should remain at 20% load, while boiler 1 is free to move between 20% and 
61% [8]. In the case where the steam demand is to be increased once again, the load of boiler 1 
should then remain constant at 61%, while boiler 2 can be increased up to 100% [8]. Finally, for 
any additional increase in steam demand, boiler 1 can be loaded between 61% and 100% [8]. 
This strategy ensures that the lowest additional incremental cost is always chosen independent 
of the number of boilers [8]. For several boiler systems that burn the same fuel and are the same 
size as each other, this technique is often not employed as it has little to no economic benefit 
[8]. 
2.4.2.2 Allocation Strategy 2        
The main issue with the optimisation strategy mentioned above is that it only permits one boiler 
to respond to a change in steam demand at any given point in time [26]. Thus, there is the 
potential that a single boiler will not be able to provide the required amount of steam upon a 






































load allocation that aims to move all boilers simultaneously. Variations in the boiler load are not 
handled by varying the firing rate of one boiler [26]. Instead, the demand changes are 
proportionally allocated to each boiler depending on a specific set of criteria [26]. The success 
of this method requires that the sum of load reallocations is zero as the control system must 
always ensure that the steam demand is always met [26]. 
2.4.2.3 Allocation Strategy 3                
The major pitfall associated with the optimisation strategies presented in [8], [21] and [26] is 
that they do not consider the operational constraints of each boiler. The last decade has seen an 
increased focus on minimising emissions which have inevitably led to the development of strict 
emission constraints [21]. Thus, the load allocation strategy must now incorporate pollution 
control costs and penalties in the decision-making process of optimal load allocation [21]. The 
objective function below provides a simple example of how these constraints can be 
incorporated into the load allocation strategy [21]. The minimisation of the objective function 
(3) can be achieved through linear or non-linear programming solvers [21].  
 𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒   𝐽 = ∑ 𝐹𝑖 + 𝐻𝑖 − 𝐶𝑖
𝑁
𝑖=1
  (3) 
Subject to constraints: 
∑ 𝐿𝑖 = 𝐿𝑡𝑜𝑡𝑎𝑙 
𝑁
𝑖=1
 (Total load constraint) 
𝐿𝑖,𝑚𝑖𝑛 ≤ 𝐿𝑖  ≤  𝐿𝑖,𝑚𝑎𝑥  (Single load constraint) 
𝐸𝑖 ≤ 𝐸𝑖,𝑙𝑖𝑚𝑖𝑡 (Single unit emission constraint) 
where: 
𝑁 = number of units avaliable for steam generation 𝐶𝑖 = 𝑖th unit emission credit 
𝐿𝑖 =  unit load of boiler 𝑖 (the decision variable) 𝐹𝑖 = 𝑖th unit fuel cost  
𝐿𝑖,𝑚𝑖𝑛, 𝐿𝑖,𝑚𝑎𝑥 = low and high limits for the 𝑖th unit  𝐻𝑖 = 𝑖th unit emission control cost 
𝐿𝑡𝑜𝑡𝑎𝑙 = total load demand 𝐸𝑖 = 𝑖th unit emission (𝐸𝑖,𝑙𝑖𝑚𝑖𝑡 is the corresponding limit) 
 
2.4.3 Issues with Optimal Load Allocation   
While optimal load allocation (OLA) has the potential to improve the performance of a boiler 
system, its implementation on an industrial scale has been somewhat limited [27]. It is often 
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feared that OLA may induce overly aggressive optimisation techniques without the 
consideration of boiler constraints and emergency situations which could lead to plant shutdown 
of the whole process [27]. Optimising the load of a boiler system is a low priority in comparison 
to keeping the powerhouse running consistently [27]. In turn, the implementation of any 
optimisation scheme must ensure that the probability of a plant shutdown is not increased as a 
result [27]. Finally, extensive testing must be conducted in parallel to the powerhouse prior to 
the implementation of any optimisation technique [27]. In order to ensure that all generated 
values lie within an acceptable range and to prove to the operating staff that the technique will 
not disrupt the stability of the process [27]. 
2.5 Process Optimisation Packages  
Careful consideration must be made during the selection of the load allocation strategy as its 
implementation is reliant on what optimisation package is used. It would be unwise to select an 
optimisation strategy that requires a nonlinear objective function solver if one does not have 
access to software with that inbuilt functionality. There exists an abundant amount of 
optimisation packages throughout the process industry some of which are listed below [28].  
MATLAB Optimisation Toolbox 
This software includes an array of solvers that are capable of finding solutions to complex 
optimisation problems while ensuring that all critical parameters remain within their pre-defined 
constraints [29].  
ASPEN Utilities  
A software package specifically designed to optimise multiple areas that are inherently found 
within a utility system [30].  
Honeywell Profit Suite 
This package can optimise the operating conditions of the plant while keeping it within a 
specific set of constraints [3]. It can optimise the process in real time without requiring complex 
process models [3]. 
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2.6 Refinery System Architecture  
Figure 2.22 highlights the existing system architecture that is found throughout the Wagerup 
refinery. The newly proposed indirect efficiency calculation is to be implemented into the 
powerhouse application module (AM). The AM is a device that executes on regular intervals 
and is responsible for calculating the existing boiler efficiency calculations. The proposed load 
optimisation scheme is to be implemented within the Experion application processing platform 
(E-APP) as it is the location where all APC applications are executed. Both the AM and E-APP 
are connected to the LCN which facilitates the transmission of information to and from plant 
instrumentation through high performance process manager (HPM) controllers which are 
located on the universal control network (UCN). A process history database (PHD) is connected 
to the LCN to log process data at regular intervals. 
 







Chapter 3 Boiler Efficiency  
This chapter outlines the implementation of the indirect efficiency calculation into the LCN 
along with an assessment of the primary energy losses of each boiler. Additionally, a review of 
the current boiler efficiency calculations will be conducted to assess which method should be 
used within the boiler load optimisation scheme.  
3.1 Indirect Efficiency  
In the past, the calculation of a boiler’s efficiency was a time-consuming process and often 
required the boiler to be taken offline in which various tests were completed [22]. However, due 
to distributed control system (DCS) developments, the efficiency of a boiler can now be 
calculated in real-time and stored in a process historian on regular intervals. This allows each of 
the losses associated with the indirect efficiency to be monitored over time. Monitoring each 
loss can assist in troubleshooting and determining the problematic areas that contribute to boiler 
efficiency degradation.  
3.1.1 Energy Losses 
There are two primary energy losses that exist throughout a boiler system [31]. The first is the 
energy contained within the flue gas that leaves the stack which can be further broken down into 
two sub-categories: 
Dry flue gas losses 
The sensible heat energy that is lost through the stack due to the temperature of the flue gas 
[31]. 
 
Heat loss due to evaporation of water formed due to hydrogen in the fuel 
The latent heat contained in the steam that is lost through the stack [31]. 
 
The second primary energy loss is said to be due to radiation and convection (RAC) [31]. These 
losses occur due to the temperature difference between the external surface of an operating 
steam boiler and the surrounding ambient temperature [31]. In an industrial setting, the direct 
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calculation of RAC losses is seldom undertaken because it is overly complex and somewhat 
tedious [31]. The losses are commonly approximated based on the capacity of each boiler [31]. 
Figure 3.1 highlights how the RAC losses vary with the load and size of an industrial water-tube 
boiler [31].   
 
Figure 3.1. Approximate Radiation and Convection Losses [31] 
The above curves can then be extrapolated to approximate the RAC losses for each of the 
boilers within the Wagerup refinery. With the assumption that each boiler is operating at 
approximately 80% of its maximum load, the radiation and convection losses for each boiler are 
expected to be below 0.5% as found in Table 3-1. If this assumption proves to be valid, it would 
be unwise to consider RAC losses for the Wagerup powerhouse as a primary energy loss. 








and Convection Loss 
1 264 694.93 80% < 0.5 % 
2 192 505.4 80% < 0.5 % 
3 170 447.5 80% < 0.5 % 
 
In addition to the two primary losses mentioned above, when natural gas is used as the fuel 
source, there are three other losses that can be calculated [31]. These are losses due to: moisture 
in the fuel, moisture in the air and incomplete combustion [31]. It is often the case that the three 
losses are grouped as “unaccounted losses” and are rarely calculated due to the summation of 
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The purpose of the next section is to calculate each of the losses that are mentioned above to 
confirm or deny whether the literature is correct. [22] provides a step by step method to 
calculate each boiler loss, along with the relevant intermediate calculations required.  
 
The specific losses that will be calculated for each of the boilers within Wagerup Powerhouse 
can be completed using the following equations [22]: 
Loss 1: Heat loss due to dry flue gas  
 
𝐿1 =  
𝑚 ∗ 𝐶𝑃𝑓 ∗ (𝑇𝑓−𝑇𝑎)
𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙
∗ 100 (%)  
(4) 
Table 3-2. Loss 1 Variables 








𝑻𝒇 𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (℃) 
𝑻𝒂 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (℃) 





Loss 2: Heat loss due to evaporation of water formed due to hydrogen in the fuel  
 
𝐿2 =  
9 ∗ 𝐻2 ∗ {584 + 𝐶𝑝𝑠(𝑇𝑓−𝑇𝑎)}
𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙
∗ 100 (%) 
(5) 
Table 3-3. Loss 2 Variables 













Loss 3: Heat loss due to moisture present in air 
 
𝐿3 =  
𝐴𝐴𝑆 ∗ 𝐻𝑓 ∗ 𝐶𝑝𝑠(𝑇𝑓−𝑇𝑎)
𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙




Table 3-4. Loss 3 Variables 




𝑯𝒇 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
𝑘𝑔 𝑜𝑓 𝑑𝑟𝑦 𝑎𝑖𝑟
) 
 
Loss 4: Heat loss due to radiation and convection   
 










] + 1.957 ∗ (𝑇𝑠 − 𝑇𝑎)
1.25 ∗ √
196.85 ∗ 𝑉𝑚 + 68.9
68.9
   (7) 
   
 
𝐿4 =  
𝑆. 𝐴 ∗ 𝑅𝐶𝐿𝑜𝑠𝑠 ∗ 0.86 
𝑁𝐺𝐹𝑅 ∗ 𝜌𝑁𝐺 ∗ 𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙
∗ 100 (%) 
(8) 
Table 3-5. Loss 4 Variables 








𝐓𝐬 Boiler Surface Temperature (K) 




𝐒. 𝐀 Surface Area of Boiler (m2) 









Loss 5: Heat loss due to incomplete combustion  
 






∗ 100 (%) 
(9) 







%𝑪𝑶 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑂 𝑖𝑠 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑠𝑒𝑟 (%) 
%𝑪𝑶𝟐 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑂2 𝑖𝑛 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 (%) 
𝑪 𝑘𝑔 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑓𝑢𝑒𝑙 𝑜𝑛 𝑎 1 𝑘𝑔 𝑏𝑎𝑠𝑖𝑠 
𝟓𝟕𝟒𝟒 𝐻𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 (𝐾𝑐𝑎𝑙) 
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Loss 6: Heat loss due to moisture present in fuel  
The loss due to moisture present in fuel will not be calculated. An analysis of the natural gas 
revealed that there is no moisture in the fuel, thus, it can be assumed that this loss is 0 % across 
all three boilers.  
 
𝐿6 =  
𝑀 ∗ {584 + 𝐶𝑝𝑠(𝑇𝑓−𝑇𝑎)}
𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙
∗ 100 (%) 
(10) 
Table 3-7. Loss 6 Variables 









3.1.2 Calculation of Unknowns  
As observed in Table 3-8, there is an extensive number of variables that need to be acquired to 
calculate each loss correctly. Many of the values can be obtained directly from installed plant 
instrumentation such as the temperature of the flue gas, while others can be calculated indirectly 
from plant instrumentation such as the volume of 𝐶𝑂2 in the flue gas. However, there are also 
many variables that need to be obtained from other sources. For example, the gross calorific 
value and composition of the natural gas are to be obtained from the natural gas supplier. For 
values that cannot be easily obtained due to there being no installed instrumentation, such as the 











Table 3-8. Indirect Efficiency Required Variables 
Variables Description How it is Obtained 





Multi Gas Analysers 
(MGA’s) 




Calculation: Natural gas 
sample 
𝑻𝒇 𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (℃) 
Plant Instrumentation: 
Thermocouple 
𝑻𝒂 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (℃) 
Plant Instrumentation: 
Thermocouple 
𝑮𝑪𝑽 𝒐𝒇 𝒇𝒖𝒆𝒍 𝐺𝑟𝑜𝑠𝑠 𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 (
𝐾𝑐𝑎𝑙
𝑘𝑔𝑓𝑢𝑒𝑙
) Natural gas supplier 




Calculation: Natural gas 
sample  












𝑯𝒇 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟




%𝑪𝑶 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑂 𝑖𝑠 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑠𝑒𝑟 (%) 
Plant Instrumentation: 
(MGA’s) 
%𝑪𝑶𝟐 𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑂2 𝑖𝑛 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 (%) 
Plant Instrumentation: 
(MGA’s) 
𝑪 𝑘𝑔 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑓𝑢𝑒𝑙 𝑜𝑛 𝑎 1 𝑘𝑔 𝑏𝑎𝑠𝑖𝑠 
Calculation: Natural gas 
Sample 






𝑻𝒔 𝐵𝑜𝑖𝑙𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾) Approximation: Heat Radar 
𝝆𝑵𝑮 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 (
𝑘𝑔𝑓𝑢𝑒𝑙
𝑚3
) Natural gas supplier 
𝑺. 𝑨 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐵𝑜𝑖𝑙𝑒𝑟 (𝑚2) 
Plant documentation: 
Boiler Drawings 




Plant Instrumentation: Flow 
meter  
 
3.1.3 Energy Losses Analysis 
Microsoft Excel was used to calculate each of the individual losses for each of the boilers. The 
step-by-step process of how this was achieved can be found in Appendix B.1. The analysis 
period was from the 1st of April 2018 to the 20th of June 2018 in which each boiler loss was 
calculated for every 30-minute time interval. Figures 3.2 to 3.4 show the average energy loss for 




Figure 3.2. Boiler 1 Energy Losses 
 
Figure 3.3. Boiler 2 Energy Losses 
 
Figure 3.4. Boiler 3 Energy Losses 
Upon observation of Figures 3.2 to 3.4 the nature and magnitude of each boiler loss are 
consistent across all three boilers. It is apparent that there are two primary boiler losses (1 and 2) 












































































water formed due to the hydrogen in the fuel is undoubtedly the largest loss, followed by the 
heat loss due to dry flue gas. This data is consistent with [31] and [32] which suggested that 
losses 1 and 2 were going to be the highest in magnitude. However, the data disagrees with [22], 
which indicated that loss 1 would be the greatest boiler loss. Additionally, the losses due to 
radiation and convection for each of the boilers agree with the approximation in section 3.1.1 
which suggested that the losses would be less than 0.5 %.  To investigate the validity of each 
boiler loss, the data was compared to a previous boiler efficiency test at an alumina refinery. 
The test used the indirect losses method to calculate the overall efficiency and produced results 
in accordance with the current analysis.   
 
Figure 3.5. Previous Boiler Energy Losses 
Figure 3.6 indicates that for all boilers the efficiency will decrease as steam load increases. 
Overall, it appears that all three boilers operate at efficiencies greater than 80 % for all steam 


























Figure 3.6. Steam Load vs Indirect Efficiency 




Economiser Installed  
1 82.93% ✓ 
2 83.30% ✓ 
3 81.36%  
 
An investigation was undertaken to discover what makes boiler 1 and 2 the more efficient than 
boiler 3. The two major losses (1 and 2) for each boiler were plotted against each other to 
identify how the losses varied with time.  
 



























Indirect Efficiency (%) vs Steam Load (TPH)
















Loss 1 Analysis 




Figure 3.8. Loss 2 Analysis 
Figures 3.7 and 3.8 indicate that for all points in time throughout the analysis period, losses 1 
and 2 are largest for boiler 3 and the smallest for boiler 2. Referring to loss 1 and 2 equations in 
section 3.1.1 both equations share common variables that fluctuate over time, shown in Table 3-
10. However, out of the three shared variables, only one of them differs across each of the 
boilers which is the temperature of the flue gas.  
Table 3-10. Variable Variation Across Boilers 
Variable Variation across each boiler 
𝑻𝒇 Yes 
𝑻𝒂 No 
𝑮𝑪𝑽 𝒐𝒇 𝒇𝒖𝒆𝒍 No 
 
 
Figure 3.9. Flue gas Temperature Analysis 
Figure 3.9 demonstrates that the variation in boiler efficiency is directly linked to the 



















Loss 2 Analysis 


























Flue Gas Temperature Analysis (post RAH) 
B1 Flue gas temp B2 Flue gas temp B3 Flue gas temp
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comparison to boilers 1 and 2 which explains why it is the least efficient boiler. All three boilers 
are equipped with a radial air heater (RAH) which uses the heat contained within the flue gas to 
preheat the incoming air that is entering the boiler furnace. However, only boilers 1 and 2 are 
equipped with economisers as shown in Table 3-9. This heat transfer stage removes an 
additional amount of energy from the exiting flue gas to preheat the incoming feedwater and is 
the reason why boiler 1 and 2 are more efficient than boiler 3. Thus, to increase the efficiency of 
boiler 3 it is suggested that an economiser is installed.  
3.1.4 Factors not accounted for 
The indirect efficiency calculation presented in [22] does not account for all the losses that exist 
within an industrial size boiler. These losses can be deemed insignificant with regards to boiler 
load allocation as they are not expected to vary over time and should remain constant 
irrespective of the surrounding conditions and boiler load. The two main energy losses that are 
not included in the calculation are due to boiler blowdown and energy consumed by auxiliary 
equipment. An in-depth explanation of each loss can be found in Appendix B.2.  
3.2 Indirect Efficiency Implementation  
The next phase of the project aimed to implement the proposed indirect efficiency calculation 
into the LCN so that the efficiency of each boiler can be viewed in real-time and stored in PHD. 
It is important to note that the refinery powerhouse engineer was also working in parallel with 
this project to implement their own method of the indirect efficiency calculation in the LCN by 
the end of July 2018. Once implemented, their calculation was left to execute minutely for 
several weeks, where once enough data had been stored, it could be directly compared to the 
excel implementation. However, it was discovered later in the project that an indirect efficiency 
calculation that had already been implemented on the LCN in the early 2000s. Thus, it now 
means that there are three potential indirect efficiency calculations to choose from which all act 






Old LCN Implementation  
The calculation only takes into consideration the following losses:  
- Dry flue gas loss (L1) 
- Loss due to moisture in hydrogen (L2) 
- Loss due to radiation and blowdown (approximated at 4 %)  
 𝜂 = 100 − (𝐿1 + 𝐿2 + 4) (11) 
Like the Excel implementation, this calculation also assumes that there is no moisture in the 
fuel. It is understandable why the method only calculates the two main boiler losses since the 
other three minor losses hardly contribute to the overall efficiency of the boiler. However, the 
assumption that the radiation and blowdown losses are approximately 4 % for each boiler is a 
poor assumption and should be removed. Blowdown should not be considered in an efficiency 
calculation if it cannot be measured accurately and is constantly changing.  
New LCN Implementation  
This calculation uses the same five losses that were used for the excel implementation, however, 
the method of calculation and constants used for some of the losses vary as observed in Table 3-
12. 


















Table 3-11. Indirect Efficiency Calculation Differences 








(1 − O2 %)
21
) ∗ 11.9 −0.63 ∗ O2 % + 12.4 (
(1 − O2 %)
21
) ∗ 11.9 
Gas 
GCV 
PLC.CALVALUE.NATGAS AIGASGCV PLC.CALVALUE. NATGAS 
Loss 1  =  
















Loss 2   
9 ∗ 𝐻2 ∗ {584 + 𝐶𝑝𝑠(𝑇𝑓−𝑇𝑎)}
𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙
 
9 ∗ %𝐻2 ∗ {2460 − (4.2 ∗ 𝑇𝑎 + 2.1 ∗ 𝑇𝑓)}
𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙
 


















𝑆. 𝐴 ∗ 𝑅𝐶𝐿𝑜𝑠𝑠 ∗ 0.86 
𝑁𝐺𝐹𝑅 ∗  𝜌𝑁𝐺 ∗ 𝐺𝐶𝑉 𝑜𝑓 𝑓𝑢𝑒𝑙
 
 
N/A 100 ∗ (
𝐾 ∗ 238902.96 ∗ 100 






















3.2.1 Indirect Efficiency vs Load Curves 
Figures 3.10 to 3.12 show how the indirect efficiency varies with respect to each boiler load. 
For all three boilers, each indirect efficiency calculation generates near identical efficiency vs 
load curves. The only difference being that there is offset between the different calculation 
methods. This offset is due to the variance in how each loss is calculated and the different 
constants that are used in each loss calculation as shown in Table 3-11. The offset can be 
disregarded so long as each calculation is consistent as to what the most and least efficient 




Figure 3.10. Boiler 1 Indirect Efficiency vs Load Curve 
 
Figure 3.11. Boiler 2 Indirect Efficiency vs Load Curve 
 



























Boiler 1 Indirect Efficiency (%) vs Load (TPH)

























Boiler 2 Indirect Efficiency (%) vs Load (TPH)




























Boiler 3 Indirect Efficiency (%) vs Load (TPH)
New LCN Old LCN Excel Implementation
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3.2.2 Indirect Efficiency vs Time 
The offset between each of the efficiency calculations can be further observed in Figures 3.13 to 
3.15. For all boilers, the new LCN implementation suggests that they are operating at higher 
efficiencies than the other two methods. However, if the offset is disregarded, the deviations in 
the efficiency are almost identical for all three boilers. For boilers 2 and 3 the new LCN 
calculation causes the efficiency to spike for a single point in time. An investigation as to what 
caused the spike is discussed in Appendix B.3. 
 
Figure 3.13. Boiler 1 Indirect Efficiency Implementation 
 


























Boiler 1 Indirect Efficiency Implementations
























Boiler 2 Indirect Efficiency Implementations




Figure 3.15. Boiler 3 Indirect Efficiency Implementation 
Figures 3.16 to 3.18 further solidify that boiler 2 is the most efficient and boiler 3 is the least 
efficient, independent of the method used to calculate the efficiency. Thus, any of the three 
methods can be used in the load optimisation scheme since they all are conveying the same 
information.  
 


























Boiler 3 Indirect Efficiency Implementations


























Excel Implementation Efficiency Calculation




Figure 3.17. New LCN Indirect Efficiency vs Time 
 
Figure 3.18. Old LCN Indirect Efficiency vs Time 
3.3 Review of Current Efficiency Calculations 
The Wagerup refinery currently uses three other methods to calculate boiler efficiency. 
Therefore, the purpose of this section is to review each of the methods and compare them with 
the proposed indirect efficiency calculation. From this, a final decision can be made to 





























New LCN Efficiency Calculation
























Old LCN Efficiency Calculation
Boiler 1 Boiler 2 Boiler 3
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Proposed Method: Indirect Method Method 2: Input Loss Method 
𝜂 = 100 − (𝐿1 + 𝐿2 + 𝐿3 + 𝐿4 + 𝐿5) (13) 
 





Method 3: Direct Method Method 4: Output Loss Method 













• Energy in feedwater  
• Energy in entering dry air  
• Energy in entering natural gas  
• Energy from combustion of natural 
gas  
• Energy from auxiliary equipment 
power 




• Energy in primary steam 
𝐿𝑜𝑠𝑠𝑒𝑠 (𝐿𝑂𝑆𝑆) 
 
• Energy in auxiliary steam and blow down  
• Energy loss from dry gas  
• Energy in water from burning hydrogen  
• Energy loss from additional moisture in air  
• Energy loss from latent heat of water  
• Energy loss from surface radiation and convection  
• Energy loss from recycled gas  
 
  
3.3.1 Efficiency vs Steam Load Curves 
Figure 3.19 shows the raw efficiency values for boiler 3 that have been extracted from the PHD. 
Both boiler 1 and 2 have very similar load curves and can be observed in Appendix B.4. Out of 




Figure 3.19. Boiler 3 Unfiltered Efficiency vs Steam Load 
The direct method has the largest variability out of the four efficiency calculations. It also 
indicates that the efficiency of the boilers is higher than the other three methods. Since the other 
three methods appear to agree on an average efficiency, the direct method will be removed from 
all further analysis. Additionally, the input-losses efficiency calculation suddenly jumps to 
values above 90% at various steam loads. Thus, for all of the remaining analysis the data will be 
filtered to remove all sudden spikes in the efficiency.   
3.3.2 Filtered Efficiency vs Steam Load Curves 
Upon the direct method being removed from the analysis and the input losses data being 
filtered, Figures 3.20 to 3.22 represent the finalised efficiency curves for each boiler.  
 





























Boiler 3 Efficiency (%) vs Steam Load (TPH)


























Boiler 1 Efficiency (%) vs Steam Load (TPH)




Figure 3.21. Boiler 2 Efficiency vs Steam Load 
 
Figure 3.22. Boiler 3 Efficiency vs Steam Load 
Table 3-12. Boiler Efficiency Comparison 
Boiler  
Average Efficiency (%) Economiser 
Installed  Indirect Method Input-Loss Output-Loss 
1 82.93% 84.75% 84.43% ✓ 
2 83.30% 82.86% 84.04% ✓ 
3 81.36% 82.21% 82.73%  
 
Analysis of the Table 3-12 outlines that boiler 3 is the least efficient boiler across all three 
methods. However, there exists discontinuity as to what the most efficient boiler is. The indirect 
method has yielded that boiler 2 is the most efficient while both the input and output losses 
methods indicate that boiler 1 is the most efficient. The clear difference between the indirect 

























Boiler 2 Efficiency (%) vs Steam Load (TPH)





























Boiler 3 Efficiency (%) vs Steam Load (TPH)
Indirect Method (1) Input Losses (2) Ouput Losses (4)
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output losses methods indicate that the efficiency of all boilers will increase as the steam load 
increases. However, the indirect method suggests that the boiler efficiency decreases as the 
steam load increases. If the wrong efficiency vs load curve is chosen, then there is the potential 
to optimise each boiler in the wrong direction which could lead to an unintentional increase in 
operational costs. Thus, further analysis must be conducted to conclude which curve is correct 
and should be used in the load allocation scheme. 
3.3.3 Boiler Efficiency vs Steam Load Curve Selection  
To determine which efficiency vs load curve is the correct choice several relationships can be 
investigated. Through this investigation, the validity of each efficiency calculation can be 
assessed in the hope that there is an obvious correct method. Since the input losses and output 
losses method yield the same curvature, only the output losses method was used in this analysis.  
3.3.3.1 Efficiency vs Excess Oxygen Concentration   
From the literature presented in [33], the efficiency of the boiler should decrease as the oxygen 
concentration in the flue gas increases. An increase in oxygen concentration indicates that there 
is a surplus of air being fed into the boiler’s furnace, which will result in the additional heating 
of air that will inevitably exit through the boiler’s stack and lower the efficiency, as shown in 
Figure 3.23.   
 
Figure 3.23. Expected Efficiency vs Oxygen Concentration [33] 
Figure 3.24 demonstrates that the output losses efficiency decreases as the amount of excess 
oxygen increases which is consistent with the literature, as opposed to the indirect method 




















Figure 3.24. Efficiency vs Excess Oxygen  
 
3.3.3.2 Efficiency vs Ambient Temperature   
The second test investigates the relationship between ambient temperature and efficiency. As 
the ambient temperature increases, the energy required to bring both the feedwater and inlet air 
temperatures to their desired setpoints, decreases. Thus, an increase in ambient temperature 
should result in an increase in boiler efficiency as observed in Figure 3.25. 
 
Figure 3.25. Expected Efficiency vs Ambient Temperature Curve [33] 
Figure 3.26 shows the indirect efficiency calculation for this test is consistent with the literature 
as the efficiency increases with ambient temperature, while the output losses data appears to 






















































Figure 3.26. Efficiency vs Ambient Temperature 





Efficiency vs Oxygen Concentration  ✓ 
Efficiency vs Ambient Temperature ✓  
 
Due to the inconsistency in results for the above two tests shown in Table 3-14, another method 
of verification must be conducted to clarify which curve is correct. An extensive survey was 
conducted by the Department of Energy in the U.S to find the typical efficiency vs load curve 
for a gas-fired water-tube boiler [32]. The resulting efficiency vs load curve from this study is 
shown in Figure 3.27. Referring to Figures 3.20 to 3.22 the indirect efficiency curve follows this 
shape of the expected curve while the output losses curve completely disagrees with it. 
Additionally, the shape of the indirect curve is consistent with the curves used by two other 
alumina refineries that use gas-fired water-tube boilers; thus, validating that the indirect 
efficiency curve is the correct method of calculating the efficiency of the powerhouse boilers.  
  








































% of Rated Capacity
Expected Boiler Efficiency for Gas-fired Water-tube 
Boilers
Units With Heat Recovery
Units Without Heat 
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3.4 Boiler Load optimisation – Curve selection  
One of the key components in the load optimisation strategy presented in section 2.4.1 is having 
reliable and accurate process models which describe the relationship between the boiler load 
and efficiency.  
3.4.1 Indirect Efficiency vs Steam Load 
The steady state modelling of the indirect efficiency with respect to steam load can be done by 
fitting a second order polynomial to historical plant data, as shown in Figure 3.28. There is a 
large amount of variability in the data which leads to a poor correlation coefficient (R²) for each 
of the boilers. Due to such a low R² value, the models are unable to accurately represent how 
each boiler efficiency varies with the boiler load.  
 
Figure 3.28. Indirect Efficiency Quadratic Regressions 
It would be unwise to optimise a system based off unreliable efficiency models. Additionally, 
all boiler efficiency calculations do not take into consideration any faulty boiler related 
equipment which may negatively influence the boiler’s ability to transfer energy. Ideally, other 
methods must be found that can accurately describe how the efficiency of each boiler varies 
with load.  
3.4.2 Fuel Flow vs Steam Load 
Since the efficiency of the boiler indicates how well the system can transfer the energy 
contained in the natural gas to the water within the steam drum, it was proposed that the 
y = -1E-05x2 - 0.0082x + 85.116
R² = 0.6372
y = -3E-05x2 - 0.003x + 84.571
R² = 0.3997




























Boiler 1,2 & 3 Indirect Efficiency Comparison
Boiler 1 Boiler 2 Boiler 3
Poly. (Boiler 1 ) Poly. (Boiler 2 ) Poly. (Boiler 3)
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efficiency of the boiler can be directly inferred via the natural gas consumption for a given 
steam load. Figure 3.29 highlights the extremely strong R² value for each of the boiler models 
indicating that the process models accurately represent the plant data. Ideally, irrespective of 
whether the load optimisation strategy uses efficiency or natural gas consumption, both curves 
should optimise the boilers in the same manner.  
 
Figure 3.29. Fuel flow rate vs Steam flow rate 





Table 3-14 identifies that for a given steam load, boiler 1 is the largest consumer of natural gas, 
which indicates that it is the least efficient boiler. This is opposed to the efficiency calculations 
that state that boiler 3 is the least efficient. However, due to the potential of inaccurate process 
instrumentation, this curve may not completely represent the true fuel flow rates being sent to 
each boiler.  
 
Incremental Fuel Flow vs Load Curves 
While the above curves state that boiler 1 is the most inefficient boiler, the literature presented 
in [8], [21] and [26], states that optimal load allocation should be based on the incremental fuel 
usage associated with a load change. The incremental fuel usage curves can be determined by 
y = 0.0785x + 0.1675
R² = 0.9896
y = 0.0754x - 0.4118
R² = 0.9991





























Fuel Flow (km3/hour) vs Steam flow (TPH) 
Boiler 1 Boiler 2 Boiler 3
Linear (Boiler 1) Linear (Boiler 2) Linear (Boiler 3)
Boiler Steam Flow (TPH) 
Fuel Flow 
(km3/hour) 
1 160 12.731 
2 160 11.653 
3 160 12.343 
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the gradient of the curves in Figure 3.29. Load optimisation becomes increasingly difficult if the 
incremental curves intercept each other as there will be multiple regions where the most 
efficient and inefficient boilers will vary. However, since the derivative of each curve yields a 
constant value, there will be one boiler that is the most efficient and another boiler which is the 
least efficient for all steam loads. Additionally, if there is in fact instrumentation inaccuracies, it 
is highly probable that the inaccuracies are consistent across the operating range of the flow 
meter. Thus, taking the derivative of the curve will remove the skewing effect of any 
instrumentation inaccuracy. Table 3-15 and Figure 3.30 shows that boiler 2 requires the least 
amount of fuel while boiler 3 requires the most amount of fuel per incremental tonne of steam. 
Thus, the incremental fuel curves indicate that all increases in steam demand should be 
allocated to boiler 2 while all decreases in steam demand should be allocated to boiler 3.   
Table 3-15. Incremental Boiler Fuel flow rates per tonne of steam  
Boiler 
Fuel flow (km3) / 






Figure 3.30. Incremental Fuel flow rate vs Steam flow rate 
Prior to simulating the potential ways to optimise how the load is distributed across each boiler, 
it is critical that the existing control system is reviewed to assess how the APC can be integrated 































Incremental Fuel flow (km3/hour) vs Steam flow (TPH) 
Boiler 1 Boiler 2 Boiler 3
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Chapter 4 Existing Boiler Control and 
Operating Conditions  
It is important to note that all three boilers within the powerhouse produce different amounts of 
steam at their maximum operating capacity. The MCR indicates the maximum continuous rate 
that a boiler can be operated at without causing any adverse effects to boiler related equipment 
[34]. Often a boiler will be rated at a specific MCR with the ability to operate above this limit 
for two-to-four hours per day, typically at 110 percent of the MCR [35]. Table 4-1 highlights 
that boiler 1 is the largest boiler while boiler 3 is the smallest.  





1 250 (TPH) 
2 174 (TPH) 
3 160 (TPH) 
 
Figures 4.1 to 4.3 demonstrate how often each boiler is run above their designated MCR. It can 
be noted that while boiler 3 does not exceed its MCR as often as boiler 1 and 2, it is often run 
much closer to the MCR in comparison to boilers 1 and 2.  
 




























Figure 4.2. Boiler 2 Steam Distribution 
 
Figure 4.3. Boiler 3 Steam Distribution 
The boilers are often run above their MCR during times of large plant steam demand or when 
the operational staff conduct load tests. While it is acceptable to run the boilers above their 
MCR limits, they should never be pushed beyond their maximum boiler capacity2. The 
maximum capacity of each boiler is the absolute highest value that a boiler can be safely run for 
a fixed duration of time, typically two to four hours per day. The maximum capacity of each 
boiler is listed in Table 4-2.  




1 265 (TPH) 
2 190 (TPH) 
3 175 (TPH) 
                                                     






















































4.1 Control System Review – Station Master  
To gain an insight on how each boiler is currently being allocated its steam load, the 
overarching station master control system was reviewed. The station master aims to maintain 
the pressure of the HS header at the desired setpoint of 6.9 MPa. This is achieved by adjusting 
the firing rate that is sent to all three boilers whenever there is a difference between the pressure 
setpoint and the HS header pressure. The variance in the steam demand from the refinery and 
the steam usage from the T/A’s governs the change in the pressure header. The regulatory 
control variables for the station master are shown in Table 4-3. 
Table 4-3. Boiler Regulatory Control Variables 
Variable Description 
CV1 HS Header Pressure  
MV1 Boiler 1 firing rate 
MV2 Boiler 2 firing rate 
MV3 Boiler 3 firing rate 
DV1 Plant Steam requirement 
DV2 Turbine Alternator steam usage 
 
The following steps outline how the station master maintains the HS header pressure:  
1. The pressure of the HS header is read from three locations; south, middle and north.  
 
2. The three pressures are fed into the HS pressure selector block in which the middle-
pressure value is passed. This is to mitigate the risk of faulty or failed pressure 
measurements passing through to the station master controller.  
 
3. The HS pressure is then compared to the desired setpoint which is set to 6.9 MPa.  
 
4. Within the station master controller, a PID loop ensures that the HS pressure remains at 
the desired setpoint (SP). To achieve this, the firing rate of each boiler must be adjusted 
via the controller’s output (OP).   
 
5. Prior to the OP value being passed to each boiler master controller, the operators can 
adjust the signal by adding or subtracting a bias value.  
 
6. The OP value is then passed through as the setpoint to each boiler master controller 
which will aim to vary the air and fuel flow control loops to achieve the desired firing 




Currently, the operating staff have the option to either place the boiler in cascade (CAS), or 
manual (MAN) control mode. When the boiler is in CAS its firing rate setpoint is determined by 
the output of the station master controller. However, in MAN the operators can manually adjust 
the firing rate.  
 
Providing that the bias for each of the boilers is zero, this control strategy ensures that all the 
boilers are loaded equally. This means that all the boiler master setpoints should equal the 
station master OP value when the bias is 0, as shown in Figure 4.4. However, upon further 
inspection of the underlying control strategy, it was noticed that there was an inconsistency in 
the boiler master setpoint values.   
 
 




Referring to Figure 4.5, a visual inspection of the Experion Powerhouse Overview HMI3 screen 
proves that there is an unaccounted factor that influences the station master OP prior to it being 
sent to each boiler master controller. One possible theory is that each boiler was being operated 
in manual mode. However, this was quickly disproved as all boilers were in cascade mode. A 
period between September 5th and September 8th was chosen as the bias values across all three 
boilers remained at zero. Figure 4.6 highlights that boiler 3 is always operating at the highest 
firing rate, while boiler 2 is running at the lowest. This appears to be counter initiative as the 
above section highlighted that boiler 3 is the least efficient boiler, yet it is allocated the highest 
firing rate.   
 
Figure 4.5. Experion HMI Powerhouse Overview  
 
Figure 4.6. Boiler Master Values 
Honeywell DOC4000 was used to investigate the relationship between the station master and 
boiler master process tags. DOC4000 is a tool that can be used to show how information is 
passed from one process tag to another. It was discovered that the station master OP is 
transferred to each boiler master via an analog input/output arrangement. This means that the 
                                                     
3 Human Machine Interface 
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station master OP % is scaled and converted to an analog output signal (4-20mA), hard-wired to 
an analog input which is then scaled and converted back to a boiler master percentage. The 
hard-wired control system adds an additional layer of safety in comparison to peer-to-peer 
communication methods [36].  
 
Upon checking the scaling between the analog output and input, the discrepancy between the 
boiler master values was discovered. Referring to Figure 4.7 each of the station master outputs 
are scaled prior to being sent to the analog output. The scaling values are 0.88, 0.78 and 0.92 for 
boilers 1, 2 and 3 respectively. The scaled values are then all read on a 0 -100 % scale on the 
analog input side. 
 
Figure 4.7. Station Master to Boiler Master Conversion 
 
 𝐵𝑜𝑖𝑙𝑒𝑟 𝑀𝑎𝑠𝑡𝑒𝑟 (%) =  𝑆𝑡𝑎𝑡𝑖𝑜𝑛 𝑀𝑎𝑠𝑡𝑒𝑟 𝑂𝑃 (%) ∗ 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 (17) 
 
To validate that this is indeed the reasoning behind the discrepancy, the scaling ratio for each 
boiler was used to back-calculate the station master OP %. Table 4-4 confirms that the analog 
scaling values are the definitive reason for the boiler master mismatch.  





Table 4-4. Boiler Master Back-calculation 
Boiler Boiler Master % Scaling Ratio Station Master OP % 
Back-calculation 
consistent 
1 54.2 0.88 61.6 ✓ 
2 48.1 0.78 61.6 ✓ 




An updated control diagram of the overarching control system can be found in Figure 4.8.  
 
Figure 4.8. Updated HS Header Pressure Controller 
The original hypothesis as to why someone would implement these scaling values was to ensure 
that a 1% change in the station master OP corresponded to an equal increase in steam flow rates 
across each of the boilers. However, if this were the case, the scaling value on boiler 1 should be 
the lowest since it is the largest boiler, which disproves the original hypothesis. It is believed by 
the surrounding staff that the values were simply chosen to ensure that each boiler was 







4.2 Boiler Load Biasing  
Consultation with the powerhouse operators revealed that they vary the bias value for each 
boiler on a regular basis. Due to the scaling factors mentioned above, upon an increase in steam 
demand, the firing rate of boiler 3 is always higher than 1 and 2. This often results in boiler 3 
being operated closer to its maximum capacity in comparison to the other boilers.  
 
A direct consequence of this is that at high steam requirements, the furnace pressure of boiler 3 
often exceeds its safe operating limits and overpressure alarms are triggered. Thus, when this 
occurs, the operators need to make the necessary adjustments to reduce the pressure back within 
safe operating limits. The main adjustment that the operator will make is to negatively bias the 
boiler master signal on boiler 3. However, since the powerhouse is still required to meet the 
steam requirements of the plant, they positively bias boiler 1. The magnitude that each boiler is 
biased will depend on the operating staff that are controlling the panel. Some operators adjust 
the bias as soon as they start their shift whereas some will only implement a bias once an 
overpressure alarm is activated. Figure 4.9 highlights how bias values have varied for a portion 
of June 2018.  
 
Figure 4.9. Boiler Bias Values - June 20th to 29th 
Due to there being five different shifts that operate the panel, there is variation as to what the 
best bias arrangement is. However, the following arrangement in Table 4-5 is common across 
most of the operating staff.  
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Table 4-5. Operator Boiler Bias Guide 
Boiler Bias Range 
1 +2 : +5 
2 0 
3 -3 : -5 
 
If the actual raw bias data is observed in Figure 4.10, the values often exceed the range stated 
above. This is due to the operators constantly adjusting the overall control system to ensure that 
the powerhouse can meet the refinery steam requirements.  
 
Figure 4.10. Boiler Bias Values - May to September 
The large peaks in the bias value are due to the load tests that are conducted for each boiler. To 
undertake a load test on Boiler 1, the following steps are taken:  
• Place boiler 1, 2 and 3 in CAS control mode 
• Incrementally add small bias values to boiler 1 
• Once the desired firing rate is achieved, enter the same firing rate for the manual OP %  
• Place boiler 1 in MAN to hold the output at the desired load 
• Remain at the load for the required duration of time 
• Return the boiler 1 to CAS control mode and slowly reduce the bias back to 0.  
 
The reasoning as to why this is done as opposed to putting the boiler directly in manual mode is 
to keep all three boilers under the overarching station master controller for as long as possible. 
Figure 4.11 highlights how the bias value is altered prior to conducting a load test. In this 
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circumstance, the boiler load reached a maximum of 268 TPH, which is higher than its 
maximum rated capacity of 265 TPH. Load testing is conducted at regular intervals throughout 
the year to ensure that the boilers are still capable of operating above their MCR limit. It should 
only be conducted during periods that it is expected to have a stable steam demand to minimise 
the possibility of causing an unwanted incident.  
 
Figure 4.11. Boiler 1 Load Test 
It is critical that the proposed load optimisation strategy allows the operators to place each of 
the boilers in manual mode, so they can conduct load tests and take control of each boiler at any 







4.3 Bias Adjustment for Optimisation  
Figure 4.12 demonstrates the current method of adjusting each boiler bias which requires the 
operating staff to manually enter the value on the Experion HMI workstation.  
 
Figure 4.12. Current Bias Adjustment Strategy 
This project will aim to implement an APC solution that optimises the steam load distribution 
between each of the boilers by adjusting the boiler bias values. It is proposed that the optimal 
bias value for each boiler will be calculated by the APC and automatically written to the bias 
without any operator intervention as shown in Figure 4.13. Prior to the design and 
implementation of the APC, the proposed control system must be simulated to assess the 
potential cost benefits of load optimisation.  
 
Figure 4.13. Proposed Bias Adjustment Strategy 
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Chapter 5 Boiler Load Optimisation – 
MATLAB Simulation  
MATLAB provides the ideal tool to run a trial set of simulations to assess the potential cost 
savings of implementing a load optimisation scheme. The nonlinear programmable solver 
“fmincon” was chosen to optimise each year of data. For this project, the solver was used to 
maximise and minimise two user-defined objective functions by varying the firing rates of each 
boiler while ensuring that process critical constraints were not violated. It was critical that the 
software was designed so that it can easily be changed to conduct repeatable testing with 
various sets of data and multiple constraint configurations.  
Program Structure  
The program was structured in such a manner that it was easy for the user to change various 
parameters in the program, particularly:  
• Duration of simulation (start and end time) 
• The year of station master OP % data  
• Objective function used 
• Constraints used 
The program was written to optimise each boiler bias value every hour. Thus, hourly data for 
the station master OP % was used.  Figure 5.1 highlights the overarching structure of the 





Figure 5.1. MATLAB Program Layout 
Inputs and Outputs  
 
 
Inputs: There are three inputs to the optimisation code. The data for the station master OP was 
obtained through Microsoft Excel and imported into MATLAB. From here, each boiler master 
is calculated using the analog scaling ratios.  
 
Outputs: The objective function will generate three optimised boiler master outputs in a vector. 
x = [x(1), x(2), x(3)]  
Table 5-1. MATLAB Inputs and Outputs 
Inputs Outputs 
Boiler 1 Master (%) Optimised Boiler 1 Master (%) 
Boiler 2 Master (%) Optimised Boiler 2 Master (%) 
Boiler 3 Master (%) Optimised Boiler 3 Master (%) 
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Upon each successful optimisation, the optimised bias value for each boiler can be calculated by 
the following formulas:  
 𝐵𝑖𝑎𝑠 1 = (𝑂𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 𝐵1𝑀𝑎𝑠𝑡𝑒𝑟 % −  𝐵1𝑀𝑎𝑠𝑡𝑒𝑟 % ) (19) 
 𝐵𝑖𝑎𝑠 2 = (𝑂𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 𝐵2𝑀𝑎𝑠𝑡𝑒𝑟 % −  𝐵2𝑀𝑎𝑠𝑡𝑒𝑟 % ) (20) 
 𝐵𝑖𝑎𝑠 3 = (𝑂𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 𝐵3𝑀𝑎𝑠𝑡𝑒𝑟 % −  𝐵3𝑀𝑎𝑠𝑡𝑒𝑟 % ) (21) 
 
Figure 5.2 outlines how the optimised bias was calculated.  
 
Figure 5.2. Visual Bias Calculation 
Appendix C.1 highlights in detail the intricacies of configuring the solver to ensure that it 
generates realistic and feasible solutions. One of the main benefits of using MATLAB is due to 
the simplicity of adding or removing constraints from the optimisation scheme.  
Constraints  
To ensure that all constraints are contained within one portion of the code, the nonlinear 
constraint handler was used. Within this handler, there are two types of nonlinear constraints 
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that can be implemented. The first is a vector of all constraints that are equal to zero and the 
second is a vector of constraints that are less than zero. 
 
Constraint 1 – Steam Demand  
 
The optimiser must ensure that the summation of the optimised steam flow rates is equal to that 
of the current steam flow rates. This ensures that the optimised steam flow rates do not impact 
the overarching HS header pressure controller. For example, if the current control system is 
generating 450 TPH of steam, the optimiser must ensure that the generated sum of steam flows 
is also equal to 450 TPH.  








Constraint 2 – Steam Load 
 
The optimiser must ensure that each boiler is not pushed above or below their maximum and 
minimum steam flow rates. A minimum steam flow of 100 TPH was chosen to prevent each 
boiler from being optimised below this limit. Each boiler has an MCR limit and a maximum 
rated capacity limit, thus, giving rise to two variants of the same constraint as listed below:  
Constraint 2.1 (Maximum capacity):   
 
 100 ≤ 𝐵1 𝑆𝑡𝑒𝑎𝑚 𝑂𝑢𝑡𝑝𝑢𝑡 ≤ 265 (𝑇𝑝ℎ) 
  
100 ≤ 𝐵2 𝑆𝑡𝑒𝑎𝑚 𝑂𝑢𝑡𝑝𝑢𝑡 ≤ 190 (𝑇𝑝ℎ) 
 




Constraint 2.2 (MCR):  
 
 100 ≤ 𝐵1 𝑆𝑡𝑒𝑎𝑚 𝑂𝑢𝑡𝑝𝑢𝑡 ≤ 250 (𝑇𝑝ℎ) 
  
100 ≤ 𝐵2 𝑆𝑡𝑒𝑎𝑚 𝑂𝑢𝑡𝑝𝑢𝑡 ≤ 174 (𝑇𝑝ℎ) 
 





Constraint 3 – Boiler Steam Reserve 
There are currently tags that exist within the LCN that calculate the steam reserve for each of 
the boilers. Thus, a constraint can be made that ensures that the boiler is optimised whilst still 
having a minimum amount of steam in its reserve. For the simulations a minimum steam reserve 
of 3 TPH was used.  






3 ≤ 𝐵2 𝑆𝑡𝑒𝑎𝑚 𝑅𝑒𝑠  
 
3 ≤ 𝐵3 𝑆𝑡𝑒𝑎𝑚 𝑅𝑒𝑠  
 
(c3) 
Constraint 4 – Bias Constraint  
 
Limits how far away each of the optimised bias values vary from the current boiler master 
values. For this set of simulations, the bias for each boiler was limited to ±15 %.    
 𝐵1𝑙𝑜𝑤𝑙𝑖𝑚  ≤ 𝐵1 𝐵𝑖𝑎𝑠 ≤ 𝐵1ℎ𝑖𝑔ℎ𝑙𝑖𝑚  
  
𝐵2𝑙𝑜𝑤𝑙𝑖𝑚 ≤ 𝐵2 𝐵𝑖𝑎𝑠 ≤ 𝐵2ℎ𝑖𝑔ℎ𝑙𝑖𝑚  
 





Constraint 5 – Furnace Pressure 
  
Ensures that the boilers are not optimised to values that exceed the maximum furnace pressure 
limits. 
 𝐵1 𝐹𝑢𝑟𝑛𝑎𝑐𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≤ 𝐵1 𝑂𝑣𝑒𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐴𝑙𝑎𝑟𝑚 
  
𝐵2 𝐹𝑢𝑟𝑛𝑎𝑐𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≤ 𝐵2 𝑂𝑣𝑒𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐴𝑙𝑎𝑟𝑚 
 






Since the three optimised variables are each of the boiler master setpoints, all other variables 
such as steam flow rate, furnace pressure and steam revere must be directly modelled off the 
boiler master. Every time the optimiser proposes a new boiler master value, the models will be 
used to convert this value into a steam flow, furnace pressure and steam reserve to assess if it 
violates the set of constraints. The models do not need to include any dynamics only steady state 
models are required for the simulation. All models were obtained using the Excel regression 
tool and are either linear are quadratic regressions. The models were made into individual 
functions so that they could be called upon easily in other parts of the MATLAB code. An 
example is shown in Figure 5.3.  
 






There are two main objective functions that this trial will aim to optimise. The first is to 
minimise the fuel consumption across each of the boilers and the second is to maximise the 
operational efficiencies of each of the boilers. It is critical to note that fmincon aims to always 
minimise the objective function. Thus, in circumstances where an objective function is to be 
maximised, it must be multiplied by -1 prior to the optimiser being run. This rule had to be 
implemented for the second objective function which aims to maximise the sum of boiler 
efficiencies. The MATLAB code for each objective function is displayed in Figures 5.4 and 5.5.  
1. Minimising Fuel Consumption 
 
 𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 { 𝑜𝑏𝑗𝑓𝑐𝑛1 = (𝐵1𝐹𝑢𝑒𝑙 𝐹.𝑅 ) + (𝐵2𝐹𝑢𝑒𝑙 𝐹.𝑅) + (𝐵3𝐹𝑢𝑒𝑙 𝐹.𝑅) } (22) 









Figure 5.4. Objective Function 1 
 
2. Maximising Efficiency  














Table 5-2. Objective function variables 
𝑩𝟏𝑭𝒖𝒆𝒍 𝑭.𝑹  Boiler 1 fuel flow rate  
𝑩𝟐𝑭𝒖𝒆𝒍 𝑭.𝑹 Boiler 2 fuel flow rate 
𝑩𝟑𝑭𝒖𝒆𝒍 𝑭.𝑹 Boiler 3 fuel flow rate 
𝑩𝟏𝑺𝒕𝒆𝒂𝒎 𝑭.𝑹 Boiler 1 steam flow rate 
𝜼𝑩𝟏 Boiler 1 Indirect efficiency 
𝑩𝟐𝑺𝒕𝒆𝒂𝒎 𝑭.𝑹 Boiler 2 steam flow rate 
𝜼𝑩𝟐 Boiler 2 Indirect Efficiency 
𝑩𝟑𝑺𝒕𝒆𝒂𝒎 𝑭.𝑹 Boiler 3 steam flow rate 
𝜼𝑩𝟑 Boiler 3 Indirect Efficiency 
 
The program will iterate once for every hour of data. Once the optimiser has iterated through all 
the data, the code will output the following optimised parameters which can be used for the 
business case study.  
 
Figure 5.6. MATLAB Optimised Parameters 
 
5.1 Business Case  
Prior to the design and implementation of an optimisation scheme, a business case should be 
conducted to assess the potential cost benefits that it adds to the organisation. If the preliminary 
calculations show that there is a considerable cost benefit, then one should move ahead with the 
design, commissioning and implementation of the proposed solution.  
 
The MATLAB simulation was configured so that it would calculate the cost saved per year if 
the scheme was to be implemented on the physical system. It assessed the potential cost savings 
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by optimising 2015, 2016, 2017 and part of 2018 plant data. Hourly averaged data of the station 
master OP for each year was fed into the MATLAB optimiser resulting in 8760 optimisation 
iterations for each year. This was achieved by utilising a simple ‘for loop’ in MATLAB. Arrays 
were used to store the data every time the loop iterates since upon each new iteration, the data 
from the previous loop is lost.  
5.1.1 Boiler Costing  
To calculate the financial benefits of boiler load optimisation, the cost of steam production for 
each boiler must be calculated. Using the equation listed below, the relationship between fuel 
cost per hour and steam flow can be found. The resulting curves can be viewed in Figure 5.7.  
 
𝑆𝑡𝑒𝑎𝑚 𝐶𝑜𝑠𝑡 = 𝑆𝐹.𝑅 (
𝑡𝑜𝑛𝑛𝑒
ℎ𝑜𝑢𝑟
) ∗ 𝐺𝑗𝑡𝑜𝑛𝑛𝑒 (
𝐺𝑗
𝑡𝑜𝑛𝑛𝑒




SF.R = Steam flow rate  
𝐺𝑗𝑡𝑜𝑛𝑛𝑒 = 𝐺𝑖𝑔𝑎𝐽𝑜𝑢𝑙𝑒𝑠 𝑜𝑓 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑝𝑒𝑟 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 
𝐶𝑜𝑠𝑡𝐺𝑗 = 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 1 𝐺𝑖𝑔𝑎𝑗𝑜𝑢𝑙𝑒 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 
 
Figure 5.7. Boiler Steam Cost vs Steam Flow 
Upon each feasible iteration of MATLAB code, the cost of steam for the three boilers prior to 
the optimisation is subtracted from the cost of steam after the optimisation. The difference can 
then be summed over the year to calculate the yearly cost savings due to optimal load allocation. 
The same approach can be taken to calculate the yearly fuel savings.  
y = 15.783x + 29.787
R² = 0.9893
y = 15.173x - 86.703
R² = 0.9991






















Steam cost ($/hr) vs Steam Flow (TPH)
Boiler 1 Cost Boiler 2 Cost Boiler 3 Cost












Due to not having a full year of data for 2018, the optimisation scheme was run for the first 250 




 to approximate the yearly savings.  
 
Various simulations were conducted to assess how each constraint impacts the total cost saved. 
In addition to this, both objective functions will be directly compared to one another to 
determine which one yields the largest cost benefit. The objective function that yields the largest 
reduction in operational costs will be used for the actual APC implementation.   
5.1.2 Objective Function 1: Minimising Fuel Consumption   
Five different scenarios were run, with each scenario using a different combination of 
constraints as observed in the Table 5-3.  
Table 5-3. Simulation Scenarios 
Scenario Description Constraints Used 
1 Boilers at the maximum rated capacity c1, c2.1, c5  
2 Boilers at MCR c1, c2.2, c5 
3 Boilers at MCR with steam reserve c1, c2.2, c3, c5 
4 
Boilers at the maximum rated capacity with bias 
constraint 
c1, c2.1, c4, c5 






Figure 5.8. Objf1: Potential Cost Savings 
Referring to Figure 5.8, there is a potential to save over $295,000 per year on fuel by 
implementing this load optimisation scheme onto the physical system. As expected, adding 
steam reserve or bias constraints to the optimiser causes the annual cost savings to decrease. 
Scenario one proves to yield the largest cost savings across the four-year period due to the 
boilers being optimised close to their maximum capacities. Scenario five proved to be the least 
cost-effective solution due to limiting the boilers to their MCR and preventing the bias from 
exceeding of ±15 %.    
 
Figure 5.9. Objf1: MATLAB Infeasible Optimisations 
The reason for the dip in cost savings for the year 2017 relative to 2015 and 2016, can be 
attributed to the increase in the number of infeasible optimisations that occurred throughout the 
year across all scenarios. As mentioned in Appendix C.1, whenever there is an infeasible 
optimisation, the cost saving for that iteration must be omitted from the final calculation. 
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TPH experienced the largest number of infeasible optimisations. This suggests that the 
constraint is too restrictive and would not be practical to implement on the physical boiler 
system as the optimiser would consistently be unable to successfully calculate a feasible bias 
value that satisfies all the constraints. Since scenario 3 resulted in many infeasible optimisations 
and scenario 4 and 5 had the lowest yearly cost savings, the constraints from either scenario 1 or 
2 should be the first choice in the APC implementation. Providing that the constraints ensure 
that each boiler is operated within a safe firing rate.  
5.1.3 Objective Function 2: Maximising Boiler Efficiency   
Only scenarios 1 and 2 were simulated for the second objective function. Similar to the first 
objective function, scenario 1 yielded larger fuel and cost savings in comparison to scenario 2 as 
shown in Figure 5.10. Additionally, Figure 5.11 demonstrates that the solver had less infeasible 
optimisations for scenario 1 relative to scenario 2, explaining why there was a larger potential 
cost saving. Scenario 2 has a larger number of infeasible optimisations due to the MCR 
constraint. If the steam demand of the plant is ever larger than the sum of the three boilers 
MCR, scenario 2 would be unable to converge on a feasible solution.  
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Figure 5.11. Objf2: MATLAB Infeasible Optimisations 
5.2 Method Comparison   
To investigate how each boiler was biased for each of the objective functions the two methods 
were compared with each other. The control moves for the 2016 station master data and 
scenario 2 are explored in the following sections.  
5.2.1 Minimising Fuel Consumption    
The minimisation of fuel consumption across each of the boilers resulted in boiler 2 being 
positively biased, boiler 3 being negatively biased while boiler 1 was biased in both directions 
to ensure that the sum of load reallocations was 0. The reasoning for these control moves can be 
explained by the incremental fuel vs steam load curves in section 3.4.2. Boiler 2 requires the 
least amount of fuel to generate 1 tonne of steam while boiler 3 requires the most amount of 
fuel. Thus, the optimiser aimed to maximise boiler 2 whilst minimising boiler 3. A further 

































Figure 5.12. Objf1: Steam flow moves Figure 5.13. Objf1: Fuel flow moves 
 
 
Figure 5.14. Objf1: Average Bias moves 
 
Figure 5.15. Objf1: Bias moves 
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5.2.2 Maximising Efficiency   
Figures 5.16 to 5.19 highlights the results for the maximisation of the second objective function. 
Once again boiler 2 was positively biased while boiler 3 was negatively biased. The bias swings 
for the second objective function are smaller in magnitude in comparison to the first objective 
function.  
 
                  Figure 5.16. Objf2: Steam flow moves                    Figure 5.17. Objf2: Efficiency moves 
 
 




Figure 5.19. Objf2: Bias moves  
 
Table 5-4 and Figure 5.20 highlight that both objective functions were able to optimise the bias 
values that were sent to each of the boilers. However, the minimisation of the fuel consumption 
objective function yielded the largest cost savings in comparison to the maximisation of the 
boiler efficiencies. This is because the first objective function is acting directly on minimising a 
variable that is proportional to steam cost (fuel) in comparison to maximising a variable that is 
indirectly proportional to steam cost (efficiency).  








Optimised Bias Value Optimised Steam (TPH) 
 Optimisation 
Status 
B1 B2 B3 B1 B2 B3 Feasible  Infeasible 
Minimising 
Fuel (1) 
1729612.76 $333,150.821 1.27 15.43 -21.63 213.57 190.79 103.16 8741 19 
Maximising 
Efficiency (2) 






Figure 5.20. Cost savings comparison 
5.5.3 Observed Control Moves 
While the magnitude of each optimised bias value varied slightly across the two objective 
functions, the nature and direction of the control moves were identical: 
1. Maximise boiler 2 bias  
2. Minimise boiler 3 bias  
3. Vary boiler 1 bias to ensure that the total sum of steam reallocation is zero      
Thus, the final control strategy suddenly becomes very simple; there is no need for the APC to 
solve a complex objective function upon each iteration. The implemented APC should be 
designed to perform the above control moves to minimise the amount of fuel that is consumed 
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Chapter 6 Profit Suite 
Now that it has been proved that there is a potential opportunity to optimise the refinery’s 
natural gas consumption, the next phase of this project will aim to implement the load 
optimisation strategy on an industrial software package. While MATLAB was ideal for testing 
the feasibility of this optimisation task, it is not a suitable software for on-line control. 
MATLAB has no way of directly communicating to each of the DCS tags in real time and will 
not provide a robust and secure platform to execute the required load optimisation calculations. 
Thus, the proposed solution must be implemented on a software package that is purpose-built 
for industrial process control. It is also important that the software is well understood by the 
surrounding control engineers so that in the circumstance that the control system needs to be 
modified or validated, it can be done with ease. 
 
The Wagerup refinery uses Honeywell software for all DCS and APC applications. Thus, it was 
decided that a Honeywell Profit Suite (PS) controller should be used for load optimisation as it 
is well understood by both Alcoa and Honeywell personnel and has been purpose built for APC 
projects. The major advantage of using PS is that it can optimise the process while keeping an 
extensive number of variables within a set of pre-defined constraints [3]. Four main pieces of 
software were used in the designing and commissioning of the APC which can be found in 
Table 6-1. The specific details on how the PS controller was configured can be found in 
Appendices D.1 to D.4.  
Table 6-1. Profit Suite Applications 
Software Acronym 
 Profit Design Studio  PDS 
Profit Suite Operator 
Station 
PSOS 
Unified Real Time 
Explorer 
URT 






6.1 Modelling  
Prior to commencing the modelling required to build the PS controller, the control, manipulated 
and disturbance variables for the APC need to be established. Like the MATLAB optimisation 
model, this control system aims to minimise the total natural gas consumption of the three 
boilers by adjusting each boiler bias value. However, because it is being implemented on the 
physical system constraints must be placed on all critical process variables, giving rise to the 
modelling of:  
• 19 Control Variables (CV) 
• 3 Manipulated Variables (MV) 
• 3 Disturbance Variables (DV) 
For each of the three boilers, the following six CV’s were modelled with respect to each boiler 
bias (MV’s): 
• Steam flow (TPH) 
• Natural gas valve (%) 
• Forced-draft fan vanes (%) 
• Furnace pressure (kPa) 
• Boiler drum pressure (MPa) 
• Feedwater valve (%) 
To ensure that the optimisation scheme has no impact on the HS header pressure, a 19th control 
variable is required which will ensure that the sum of load allocations is equal to zero. The APC 
controller will be configured to force CV19 to a setpoint of 0. Finally, DV’s are required to give 
the APC information on what direction the station master controller is moving in to ensure that 





Figure 6.1. CV, MV and DV list 
To model each of the relationships between the CV’s, MV’s and DV’s, minutely data from 
September was used to create the necessary models required for the PS controller.  
6.2.1 Dynamic Models 
The steady-state gain models used in the MATLAB optimisation do not account for any 
transient behaviour that exists within a dynamic system. Thus, modelling must be completed to 
account for these specific dynamics. The modelling was achieved in PDS where the user can 
input plant data and a single input single output (SISO) Laplace model between every pair of 
MV and CV is outputted. For the boiler system, PDS was able to model each pair as a first-
order system with a time delay. The model matrices can be found in Appendix D.3.  
Where: 







𝐾 = 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐺𝑎𝑖𝑛  
𝜏 = 𝑇𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
𝛼 = 𝑇𝑖𝑚𝑒 𝑑𝑒𝑙𝑎𝑦   
 
 
6.2 Optimiser Configuration  
Unlike MATLAB which can automatically determine which boiler to maximise and minimise to 
satisfy the objective function, PS needs to be told. As mentioned in section 5.3.3 the optimal 
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control moves are to maximise the bias on boiler 2 and minimise the bias on boiler 3. A linear 
objective coefficient of -1 in PS correlates to maximising the MV, while a linear objective 
coefficient of 1 aims to minimise the MV. Figure 6.2 shows boiler 2 being assigned a linear 
objective coefficient of -1 while boiler 3 is assigned a value of 1.  
 
Figure 6.2. Linear Objective Coefficient for each Bias 
6.3 Profit Suite Simulation 
Prior to implementing the controller on the process, a simulation must be run that tests how the 
controller responds to historical plant data. Plant data from September was fed into the 
controller in which it generated a recommended bias value for every minute of data. The start 
and end time of the simulation is listed in Table 6-2 below.  
Table 6-2. Profit Suite Simulation Times 
Start Time 1/09/2018 5:50 
End Time 5/09/2018 6:00 
 
Figure 6.3 highlights that PS was able to ensure that the optimised total sum of steam generated 
across the three boilers was identical to the plant generated sum of steam, therefore, confirming 
that the APC will not have any impact on the total HS header pressure.  
 
 
Figure 6.3. PS Simulation - Sum of Steam 
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To verify that PS was able to keep each CV within a set limit of values the following constraints 
in Table 6-3 were implemented into the simulated controller.  
Table 6-3. PS Simulation Constraints 
Constraint Low Limit High Limit Unit 
B1 Steam flow 100 250 TPH 
B1 Bias -20 20 % 
B2 Steam flow 100 180 TPH 
B2 Bias -20 20 % 
B3 Steam flow 100 160 TPH 
B3 Bias -20 20 % 
 
 
Figure 6.4 demonstrates that boiler 2 was pushed up to its high limit of 180 TPH while boiler 3 
was pushed to its low limit of 100 TPH as expected. The times where boiler’s 2 and 3 steam 
flow rates were not at their high and low limits was because the controller was constrained by 
the bias constraint of ± 20 %, as observed in Figure 6.5.  
 




Figure 6.5. Profit Suite Optimised Bias values 
6.4 Profit Suite vs MATLAB Optimiser 
To identify how close the PS simulation compared with the MATLAB simulation, the 
MATLAB code was adjusted to optimise the bias values every minute opposed to every 
hour. Additionally, the PS constraints were implemented into the MATLAB program. 
Referring to Figure 6.6, it can be observed that both simulations produce near identical bias 
values. Thus, by simply maximising and minimising two MV’s, the optimal control moves 
to minimise the total fuel consumed are achieved. A closer comparison of the bias values at 
high and low steam demands can be found in Appendix D.5.  
 
Figure 6.6. Profit Suite vs MATLAB Bias Comparison 
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Chapter 7 APC Implementation on the 
Powerhouse 
Now that the PS simulation was able to successfully output the desired control moves for each 
boiler, the next step is to implement the APC on the physical system. This chapter outlines the 
main stages taken to ensure that the implementation of the APC added no additional risk to the 
refinery powerhouse and highlights the results from a full day of commissioning.   
7.1 Boiler Control Modes 
The implementation of an APC onto the powerhouse requires an additional mode to be added to 
the existing control system. Programmable cascade (P-CAS) allows each boiler to remain under 
the overarching regulatory station master controller, however it allows each bias parameter to be 
connected to the output of the APC. Thus, whenever the APC is turned on, the control mode for 
each boiler should instantaneously transfer from CAS to P-CAS. When the APC is turned off, 
the optimised bias values will remain at their current values, which ensures that the changing of 
controller modes will result in a bumpless transfer. Like the existing system, the operators will 
have the ability to adjust how many boilers are operating under APC. Ideally all three boilers 
are to be run in P-CAS, however, operators have the ability to place the boiler in any of the 
three control modes, as shown in Table 7-1.  
Table 7-1. Potential Powerhouse Control Modes 
Mode Bias Value Boiler Master Value 
Programmable Cascade (P-CAS) APC Generated Station Master OP (%) 
Cascade (CAS) Operator Generated Station Master OP (%) 










It is imperative that the optimisation scheme does not push any boiler above or below the set of 
constraints listed in Table 7-2 below. Providing that the APC models are up to date and 
accurately represent the plant, the controller will never generate a bias value that will cause any 
of the CV’s to violate their low and high limits. The limits were established through 
consultation with the operational staff and the review of datasheets provided by the boiler 
manufacturer. If these limits change due to continual boiler upgrades, they can be altered 
through PSOS as shown in Figure 7.1.  
Table 7-2. APC Constraint list 
Boiler Constraints  Low Lim High Lim 
CV1 101F05.PV B1 Steam Flow   TPH 0 265 
CV2 101HC01G.OP B1 Main Gas Valve % 0 100 
CV3 101FC03.OP B1 FD Fan Vanes % 35 100 
CV4 101PI08.PV B1 Furnace Pressure kPa 0 3.2 
CV5 101PI04S.PV B1 Drum Pressure MPa 0 8.5 
CV6 101FC04A.OP B1 Feed water valve % 0 100 
CV7 FYB2HS.PV B2 Steam Flow  TPH 0 190 
CV8 HCB2NG.OP B2 Main Gas Valve % 0 100 
CV9 FCB2CA.OP B2 FD Fan Vanes % 35 100 
CV10 PIB2FA.PV B2 Furnace Pressure kPa 0 2 
CV11 PIB2SD.PV B2 Drum Pressure MPa 0 8 
CV12 FCB2FWB.OP B2 Feed water valve % 0 100 
CV13 FYB3HS.PV B3 Steam Flow  TPH 0 175 
CV14 HCB3NG.OP B3 Main Gas Valve % 0 100 
CV15 FCB3CA.OP B3 FD Fan Vanes % 35 100 
CV16 PIB3FA.PV B3 Furnace Pressure  kPa 0 2.5 
CV17 PIB3SD.PV B3 Drum Pressure MPa 0 8 
CV18 FCB3FWB.OP B3 Feedwater Valve % 0 100 




Figure 7.1. PSOS Operator Screen 
7.3 Risk Management  
Prior to the APC being turned on, a risk management assessment must be conducted to assess 
the potential risks that may be introduced by running the optimisation scheme. It was agreed 
upon by all surrounding staff that this exercise was extremely low risk and was highly unlikely 
to introduce any adverse effects onto the powerhouse, as assessed against and Alcoa risk 




The safeguards that were put in place are listed below:  
• Run the APC in ‘warm mode’ prior to turning it on 
• Limit the initial bias moves to ± 0.1%  
• Ensure the plant steam requirement is steady  
• Continuous communication with the powerhouse operating staff during testing   
When the APC is run in its warm mode it allows the user to observe the desired control moves 
without them being sent to the plant bias values. Thus, the APC was run in warm for several 




7.4 Testing and Commissioning 
7.4.1 Initial Test 
After several days of the controller running in warm it was observed that the bias values never 
exceeded their maximum and minimum constraints. Thus, it was decided to then turn the 
controller on, however still limit the bias to ± 0.1%. Figure 7.2 highlights the optimised bias 
values for the initial trail. As expected, the bias on boiler 2 is increased, while the bias on boiler 
3 is decreased and the bias on boiler 1 is varied to ensure that the total sum of steam reallocation 
is zero.  
 


























Boiler 1 Bias Boiler 2 Bias Boiler 3 Bias
Bias High Limit Bias Low Limit
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7.4.2 Full Day  
For the full day of commissioning the bias constraints were set to ± 5% and the steam flow rates 
for each boiler was limited to their respective MCR. The APC was switched from warm to run 
at 8:27 am and was turned off at 3:00 pm, resulting in a total run-time of 6 hours and 33 
minutes. For boilers 2 and 3, the bias values are varied in the desired manner reaching their 
maximum and minimum constraints of ± 5% within 40 minutes of being turned on. Figure 7.3 
outlines how once the limits were achieved, the bias values remained constant.  
 
Figure 7.3. APC On - Bias Values 
Figure 7.4 shows that both boiler 1 and 3 were not operating near their maximum steam flow 
rates, however, boiler 2 was optimised very close to its MCR.  
  
























APC Comissioning - Boiler Bias
Boiler 1 Bias Boiler 2 Bias Boiler 3 Bias
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7.4.2.1 Constraint Tests  
To assess how well the APC will deal with sudden changes in constraints, the maximum and 
minimum steam constraints were adjusted throughout the day. Figures 7.5 and 7.6 show how the 
APC has handled the change in constraints for boilers 2 and 3. In both cases, the controller does 
a relatively good job on ensuring that the new constraints are obeyed. However, there are 
constraint violations highlighted by the red circles. Due to the controller executing minutely, 
there are times where the generated bias values have been slightly aggressive and have caused 
the CV’s to exceed their limits before the controller can generate its next move. The violations 
are relatively insignificant, however, validates that the models the controller uses, are not 
perfect.  
 
Figure 7.5. Boiler 2 Change in Steam Constraints 
 



























Boiler 2 Change in Steam Constraint


























Boiler 3 Change in Steam Constraint




Chapter 8 Conclusion  
To conclude, all seven of the project goals were achieved throughout this thesis. The Wagerup 
refinery is now correctly calculating the efficiency of the three water-tube boilers. An 
explanation as to why boiler 3 is the least efficient boiler has been discussed along with what 
can be done to improve it. The overarching boiler control system was reviewed and a method of 
optimising the boiler load was established through altering each boiler bias. MATLAB was used 
to evaluate the potential methods for boiler load optimisation and was the primary tool used in 
constructing a business case. Finally, Honeywell PS was used to implement an APC onto the 
Wagerup powerhouse. The controller successfully biased each boiler in the most optimal 
manner, whilst keeping all CV’s within their pre-defined set of constraints.  
8.1 Future Work 
While the implementation of the APC on the Wagerup powerhouse was successful, several 
additional steps must be taken prior to the controller running full-time.  
8.1.1 Operator Training  
To ensure that this project remains implemented on the physical system throughout the 
upcoming years, it is vital that the operating staff are fully trained on how the APC works and 
are confident in the bias moves that it is producing. The following training checklist should be 
completed by all operating staff prior to the APC going online permanently.  




Turn the APC on and off for each boiler 
through the Experion HMI  
Yes/No 
Change the constraints through PSOS 
Yes/No 
Recognise the status that each boiler is 





8.1.2 Experion HMI Graphic Changes 
Graphics changes on the powerhouse overview Experion HMI must be made prior to any 
operator training. It is proposed that there is an APC status indicator for each of the boilers 
which notifies the operator if the APC is writing to the bias values. There should be the option 
to toggle this status on and off from the HMI.  
8.1.3 Boiler Trip Routine 
In the circumstance where a boiler is tripped, or a boiler is taken offline, a control routine will 
need to be implemented into the LCN to adjust how the APC adjusts the bias sent to the 
remaining boilers.   
8.1.4 Updating of Process Models 
The process models used in the PS controller are required to be updated on a quarterly basis to 
ensure that the APC can make accurate predictions matching the plant conditions.  
8.2 Energy Reduction Assessment  
While this thesis aimed to prove how optimally allocating the boiler load across the three boilers 
will save on natural gas consumption, the effectiveness of the optimisation will ultimately be 
determined by its performance over a prolonged period. It is predicted that the proposed APC is 
to be implemented full-time onto the refinery powerhouse by the end of 2018. Thus, by mid-
2019, a review of the optimiser’s performance can be conducted. There is one primary flow 
meter that records the amount of energy delivered to the powerhouse and its reading is trusted 
by all personnel as it is regularly calibrated. Equation (28) highlights how to calculate the 
standardised energy that is sent to the powerhouse for the first six months of 2019. The 
calculation requires that the energy delivered and total steam production readings are based on 
hourly averaged data. It is expected that once the APC has been turned on, the standardised 
energy delivered to the powerhouse will decrease. If so, it is planned to implement similar 





∑ (𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑡𝑜 𝑃𝑜𝑤𝑒𝑟ℎ𝑜𝑢𝑠𝑒 (𝑖)) 4380𝑖=1
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Appendix A Additional Literature  
A.1 Powerhouse Equipment 
One of the most popular devices used in modern-day electricity generation is the gas turbine 
[37]. Fundamentally, the gas turbine is a variant of an internal combustion engine that facilitates 
the burning of an air-fuel mixture [37]. This continuously combusting process generates a hot 
gas which is used to rotate a turbine to generate electricity [37]. Unfortunately, a typical gas 
turbine power plant has a poor operational efficiency which is between 30 and 40 percent. This 
is due to the copious amount of heat energy that escapes through the exiting exhaust gas [37]. It 
is often the case that heat recovery steam generators (HRSGs) are used in conjunction with gas 
turbines to achieve a higher operational efficiency [38]. In short, the HRSG utilises the exhaust 
gas from a gas turbine to create steam [38]. The application in which the steam is utilised will 
be dependent on the arrangement of the gas turbine and HRSG [39]. One arrangement 
commonly referred to as cogeneration mode is used to supply steam to process plants and 
refineries while a combined cycle plant uses the steam to drive a steam turbine generator that 
produces electricity [39]. 
 






Figure A.2. Cogeneration Plant [38] 
One of the advantages associated with cogeneration mode is the ability to generate multiple 
steam pressures to be used throughout various parts of the process [38]. However, the pressure 
of the generated steam often exceeds the required pressure for downstream heating applications 
[39], [40]. Thus, steam pressure reducing valves (PRVs) are essential in ensuring that the 
pressure of the steam delivered to the plant is maintained at a desired setpoint [40]. The valves 
should be sized to cater for minimum and maximum steam flow rates and fluctuations in the 
inlet pressure [40].  
A.2 Combustion Control – Cross Limiting  
Once the boiler firing demand has been established via the control strategy mentioned in section 
2.3.2, the next goal is to maintain a pre-defined air/fuel mass ratio that aims to maximise the 
combustion efficiency of each boiler [23]. The firing demand signal now becomes a candidate 
for the fuel and air flow controllers that are used to maintain the desired air/fuel ratio [21]. 
Referring to Figure A.3, the low and high select blocks ensure that sudden changes in the firing 
demand will pass the correct candidates to be used as the fuel and air flow setpoints [23]. This 
strategy ensures that upon a firing demand change, the burner receives excess air up to the point 
that the desired air/fuel ratio is achieved [23]. Whilst this control strategy is inefficient and 
facilitates the heating of additional air that simply exits through the stack, it ensures that the 




Figure A.3. Ratio control with Cross Limiting Override [23]  
A.3 Drum Level Control 
A drum level controller is used to maintain the water level of the steam drum as close as 
possible to its desired water level setpoint [41]. A traditional control loop would measure the 
level of the drum and make a comparison with a predefined level setpoint [41]. The error is then 
fed through a regulatory controller in which the feed control valve position will be manipulated 
to regulate the inlet water flow rate [8]. During the stages where boilers were operated at low 
pressures and were built with large steam drums, this method of control proved to be adequate 
[8]. However, as boiler operating pressures have increased over time and the size of steam 
drums have decreased, boiler level control strategies have increased in complexity [8]. 
Additionally, the driving force as to why this simple control strategy proves to be inadequate is 
due to the shrink and swell characteristics of the steam drum liquid level [8]. These 
characteristics produce an increase in drum level with an increase in steam load and conversely 
a decrease in drum level with a decrease in steam load [8]. This counter-intuitive inverse 
response has led to the development of smarter control strategies which combine both cascade 




The complex nature of boiler level control for medium to high-pressure boilers typically 
employs the three-element control strategy [41]. As the name suggests, there are three process 
variables that are required to be measured for this control strategy to be effective [41]. The 
process variables are: [41] 
• Boiler drum liquid level  
• The flow rate of feedwater entering the boiler drum  
• The flow rate of the steam exiting the boiler drum.  
It is vital that the liquid level remains within the desired threshold as deviations above or below 
have the potential to cause major issues throughout the boiler drum system [41]. The level of the 
drum should remain low enough to ensure that there is enough volume for the steam to 
disengage and high enough to guarantee that there is sufficient water present within all of the 
steam generating tubes [41]. 
 
Figure A.4. Three Element Control Strategy [41] 
It is common that the feedwater comes from multiple sources prior to being fed to the boiler 
drum [41]. Due to this, the supply pressure of the feedwater may vary over time which will 
directly influence the flow rate through the feedwater control valve [41]. To rectify this issue, 
the feedwater valve is placed in a fast control loop which will aim to adjust the valve position to 
ensure that the flow rate is at its desired setpoint if the pressure is to fluctuate [41]. This 
arrangement is commonly referred to as a cascade controller; where the flow controller is said to 
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be the secondary controller and the level controller is often referred to as the primary controller 
[41]. 
 
To compensate for the variation in the steam demand, a feedforward control strategy is 
implemented [41]. Simply put, the steam flow rate is read and converted into an estimated 
feedwater demand signal [41]. This signal is then directly compared to the current feedwater 
flow rate and its difference is then used to bias the feed water controller’s setpoint value [41]. 
Ideally, an increase in the steam flow rate will immediately increase the feedwater flow 
controller by the correct amount so that the boiler level does not register this disturbance [41]. 
However, due to flow meter inaccuracies and unmeasurable disturbances, the level controller 


















Appendix B Indirect Efficiency 
Calculations 
B.1 Excel Implementation 
Honeywell Uniformance Process History Database (PHD) is the application that the refinery 
uses to store process data [42]. All Alcoa PC’s have a Uniformance add-in that allows process 
data to be accessed and analysed directly from Microsoft Excel. Thus, Excel was the first 
platform that was used to calculate each of the boiler losses. The analysis period was from the 
1st of April 2018 to the 20th of June 2018. All relevant process tags were extracted on 30-minute 
intervals between the start and end date, resulting in 3840 data points for each variable. 
Originally, the start period was the 1st of January, which resulted in a total of 8160 data points. 
However, due to computational limitations, the larger analysis period placed a large strain on 
the CPU which resulted in Excel constantly crashing. Once all the relevant process tags were 
extracted from PHD the data had to be filtered prior to being used for each loss calculation. This 
was to ensure that all abnormal operating conditions were not taken into consideration for the 
efficiency calculation. To extract the data from the PHD, the following steps must be 
undertaken.  
1. Open Microsoft Excel → Add-ins tab → Uniformance → PHD Data → Get Data.  
 
Figure B.1. Honeywell Uniformance Add-in 




3. Highlight the Cells checkbox for the Tagname and highlight all  the process tags. 
Repeat the same procedure for the Start and End Time.  
4. Ensure that the correct time interval is chosen, for this example it was 30 minutes.  
5. Click on the static checkbox to ensure that the data is only pulled once and does not 
auto update if a change is made to any of the relevant cells throughout the spreadsheet.  
 
Figure B.2. Get PHD Data and Tag List 
6. Finally click the ok button and the spreadsheet will then be filled with all of the 
requested data as observed in Figure B.3.   
 
Figure B.3. PHD Data Pull 
In addition to all the process tags need to be extracted from PHD, there are many constants that 
are to be used in each loss calculation. Thus, a table of constants was made, as shown in Figure 




Figure B.4. Constants Table 
Now that the spreadsheet contains the required process data and the relevant constants, some 
preliminary calculations must be made, for example, the mass of the exiting flue gas per 1 kg of 
fuel. Once they have been calculated, each individual loss can now be calculated using the 
equations listed in section 3.1.1.  
 
Figure B.5. Excel Losses Calculations 
This prodcedure was repeated for all three boilers with each of the spreasheets requiring there 
own specific set of process tags. Each of the boiler losses were then averaged over the given 







B.2 Unaccounted Losses 
Boiler Blowdown Loss 
Within the Wagerup refinery the amount of water that is expelled from the system will vary 
depending on the quality of the feedwater that is entering the steam drum. The water quality is 
maintained and determined via an external party in which they give recommendations to the 
powerhouse on how to vary the blowdown. Boiler blowdown control is achieved by the 
operational staff manually varying the position of a blowdown valve and is not automated based 
on the feedwater quality. In addition to this, the flow rate of the boiler blowdown is 
unmeasured, and operators need to make an approximation of how much feedwater is being 
removed from the steam drum based off the position of the manual valve. Thus, there is the 
potential that either too much or not enough feedwater is being expelled from the system. The 
former will result in a decrease of the overall boiler efficiency and the latter will increase the 
risk of scale being deposited on the boiler’s heat transfer surfaces. Since the position of the 
blowdown valve is not stored in the process historian, it is impossible to accurately calculate the 
loss associated with boiler blowdown for each boiler. This will not pose a problem if each 
blowdown loss is consistent across each boiler. However, basing optimal load allocation solely 
based on the efficiency calculation may be problematic if the blowdown loss across each of the 
boilers varies. 
Energy consumed by auxiliary equipment 
Due to each boiler having a different capacity, the energy losses associated with the operation of 
auxiliary equipment such as burners, fans and pumps will vary. However, it can be assumed that 
the difference in magnitude is negligible, thus it can be assumed that the losses are equal across 
all three boilers.   
 
B.3 Indirect Efficiency Spikes 
The efficiency graphs in section 3.2.2, show that the new LCN implementation has large drops 
in the efficiency at regular points in time. Thus, to investigate why this was happening, all tags 
that were used in the efficiency calculation were plotted against the efficiency to see if any of 
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them would spike at the same time. Doing so revealed that it was the excess oxygen reading 
from the newly installed multi gas analysers (MGA’s) that spiked on regular intervals. The 
reasoning as to why the excel implementation does not suffer from any of the spikes in excess 
oxygen is due to the signal being filtered before the calculation. Thus, within the LCN there 
should be a similar implementation that limits the range of the read oxygen percentage value. 
 
Figure B.6. Boiler 2 Efficiency Spikes 
 
 







































Boiler 2 Indirect Efficiency Spikes 







































Boiler 3 Indirect Efficiency Spikes 
New LCN Excess O2 %
 
129 
B.4 Unfiltered Efficiency vs Load Curves 
 
Figure B.8. Boiler 1 Unfiltered Efficiency vs Steam Load 
 
































Boiler 1 Efficiency (%) vs Steam Load (TPH)




























Boiler 2 Efficiency (%) vs Steam Load (TPH)
Indirect Method (1) Input Losses (2) Direct Method (3) Ouput Losses (4)
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Appendix C MATLAB Simulation  
C.1 Additional Code Structure 
Initial Guess 
To give the solver the best opportunity to converge on a feasible solution, it is critical that the 
initial guess that is fed into the objective function is somewhat close to the optimised solution. 
Providing that the current operating conditions are not drastically far away from the optimised 
solution, the initial guess for each iteration should not be 0; instead it should be the current 
value of each boiler master.  
 
Lower and Upper bounds 
The lower and upper bounds of the objective function are simply the maximum and minimum 
boiler master values that the solver can optimise within. To obtain these values, the minimum 
and maximum steam flow rates can be directly converted to their respective boiler master values 
using Table C.1 below.  















1 100 34.028 264 88.730 250 84.060 
2 100 39.566 192 78.549 180 73.464 
3 100 50.516 170 88.193 160 82.811 
 
Exit Flags 
It is important to understand that programmable solvers are not always able to converge on a 
solution that has satisfied the set of constraints. One of the ways to determine the validity of 
optimised solution is to view the exit flag. Upon each iteration of the MATLAB code the solver 
assigns a specific value to an exit flag, which describes the validity of the solution [43].  
Table C.2. MATLAB Exit Flag Status 
Value of Exit Flag Indication 
Positive ( > 0) The optimiser successfully converged on a solution 
Negative (< 0) The optimiser was unable to successfully find a solution 
Zero (=0) 
The solver has been stopped due to exceeding an excess amount of 




 Thus, upon every iteration of the code, the exit flag was stored into an array and once the 
simulation was complete, this array of exit flags was examined to determine if there were any 
instances of unsuccessful optimisations. This was simply done by indexing the array and 
counting the instances where the flag value was less than or equal to 0. When there is an 
infeasible optimisation, the MATLAB optimiser still generates a ‘optimised’ boiler master value 
for each of the boilers even though it does not satisfy the constraints. Thus, upon an infeasible 
optimisation, all data points for that iteration must be removed for all resultant vectors prior to 



















Appendix D Profit Suite Configuration  
D.1 Controller Configuration 
Building the controller and process simulator was done in Honeywell PDS.   
 
Figure D.1. Building Profit Suite Controller and Process Simulator  
 
Prior to building the controller the user needs to specify the optimisation time, which is how 
often the controller executes. Since the relevant tags were written to once every minute, it was 
decided to run the controller at the same interval rate. Figure D.2 highlights the settings that 
were chosen for this controller.   
  
Figure D.2. Controller Execution Time   
Similarly, when building the process simulator, one must ensure that the process execution 




Figure D.3. Process Simulator Execution Time 
 
Once both the controller and process simulator have been built, one can then use PSOS to 
configure the relevant variables and optimisation strategies. Each CV and MV was configured 
with a high and low limit. Each of the boiler steam flows were constrained within their MCR’s 




Figure D.4. Simulation Bias Constraints   
 
D.2 Profit Suite Model Matrix 




Figure D.5. Boiler 1 Model Matrix 
 
 







Figure D.7. Boiler 3 Model Matrix 
 
If the user disagrees with what the system models, they have the ability to change each 
individual model themselves by double clicking on the individual transfer function block. For a 
FOS, the user has the option of changing the gain, time constant or deadtime of the system. 
Upon a change of any one of these parameters, they must then click calculate and accept. 
However, if the user agrees with the initial model, this stage can be skipped.  
 
Figure D.8. Profit Suite Model Identification  
 
D.3 Simulation Trial 1 
The optimised sum of boiler steam flows from trial 1 appeared to be slightly different in 
comparison to the actual plant data. This poses a large issue, as the APC optimiser should not 
have any impact on the total HS header pressure and should always strive to satisfy constraint 1. 




Figure D.9. Trail 1 Sum of Steam 
Investigation into the gain matrix for the controller quickly revealed the reasoning for the 
discrepancy. The first simulation assumed that forcing the sum of bias values to zero would 
result in the total change in steam flow to also be zero. 
 𝐶𝑉19 = 𝑀𝑉1 + 𝑀𝑉2 + 𝑀𝑉3 (29) 
 
 
However, that assumption will only work if all boilers are the same size as each other. Since 
each boiler in the powerhouse is rated for a different capacity, a 1 % change in the bias, will 
correspond to different changes in steam flowrate. For example, a 1 % change in the bias value 
for boiler 1, 2 and 3, will result in 2.91, 2.28 and 1.78 TPH steam changes respectively. Thus, 
CV19 must be configured to not force the sum of bias values to zero, but to force the sum of 
steam changes to equal 0. CV19 was then updated in the controller with the new gains and the 
simulation was run again.  
 
Figure D.10. CV19 Models 
 






D.4 MATLAB vs Profit Suite Simulation 
At low steam demands, the bias of boiler 2 for both the MATLAB model and the PS optimiser 
simulation are pushed to the maximum bias of +20 which also pushes the boiler to its maximum 
steam limit of 180 TPH, while boiler 3 is pushed to its low steam limit of 100 TPH. As expected 
boiler 1 simply acts as the boiler to make the remaining steam to ensure that the refinery stream 
demand is met.  
Low steam demand:  
 
Figure D.11. Low steam demand Bias values 
 
Figure D.12. Low steam demand steam flow 
rates 
 
At high steam demands, it is boiler 3 that is pushed to its minimum bias constraint of -20 which 
places the boiler very close to its minimum steam flow rate of 100 TPH. Additionally, boiler 2 
is no longer constrained by the bias, instead it is constrained by the maximum steam flowrate 
limit of 180 TPH. Due to the high steam requirement, boiler 1 is required to operate closer to its 
maximum capacity of 250 TPH.  





 Figure D.13. High steam demand Bias values 
 
Figure D.14. High steam demand steam flow 
rates 
  
 
 
 
 
